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The chemistry and physics of CVD 
In this thesis the growth and etching by CVD of monocrystalline 
semiconductors is studied. Several aspects are encountered which are 
general for CVD, but also special features more appropriate to 
crystalline surfaces and semiconducting materials will be treated. The 
emphasis in this work is given to: 
1. the thermodynamics of the chemical reactions in the gas phase, 
which will be the leitmotiv throughout this thesis 
2. the mutual influence of the surface structure on the adsorption 
of reactants and impurities 
3. the incorporation of dopants in the crystal lattice 
The thermodynamic approach used in the first topic is applicable to 
all CVD processes and will be elaborated in section 4. The background 
of the crystalline aspects used in this thesis will be elucidated in a 
discussion on the surface properties of Si and GaAs¡ (5). The 
principles of the trapping of atomic impurities during growth are 
explained in the last part of this introduction (6). As all the studies 
are performed to gain more Insight in the total CVD process of Si and 
GaAs, to start with, an introduction will be given to the process as a 
whole. 
1. General aspects of CVD 
Chemical Vapour Deposition is in principle a method to cover, from 
the gas phase, a substrate with a thin layer via chemical reactions. 
The reactants are introduced in the gaseous form, diluted in a carrier 
gas, such as hydrogen and nitrogen and then transported to the reaction 
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zone. There, because of an increase in temperature, the input becomes 
unstable and all kind of chemical reactions take place. Eventually this 
results in the formation of a deposit. As the substrate surface usually 
acts catalytically on the decomposition of the reactants, it is often 
the most preferable site for the deposition. 
The deposited film can be in an amorphous, poly- or single-
crystalline form and may be used for its electrical, optical, mechanical 
or chemical properties, which are usually complementary to the 
properties of the bulk [1,2]. The applications range from thick 
amorphous coatings on cutlery to atomlcally thin layers for solid state 
lasers. 
For example amorphous TiC, TIN or AljOj layers are used as a wear and 
chemical resistant coating on cutting tools. CVD is also applied to 
deposit thin films of zircoma on turbine blades, as this isolates 
against heat. In ceramics, CVD of amorphous SiC and SÌ3N1) is of 
increasing importance, as this is the best method to obtain dense 
layers. In the field of telecommunication, deposition of doped SÌO2 on 
the wall of a quartz tube is applied in the fabrication of optical 
fibers. Last but not least CVD is an indispensible technique in 
semiconductor industry. Amorphous S1O2 or oxynitrides are used as 
protective layers in masking, whereas polycrystalline deposits of WSij, 
TaSij or Al are applied for ohmic contacts. 
The main interest however is the growth of monocrystalline layers, as 
this is the electrical or electro-optical active heart of the device. 
Transistors, diodes, solid state lasers and more advanced structures are 
hard to imagine without the application of CVD techniques. Especially 
in the technology of III-V compounds enormous progress has been made the 
last few years. Whereas in silicon epitaxy the layer thickness is in 
the order of microns, for GaAs-AlxGai_xAs quantum well lasers the active 
layers are typically 50 A with a transition width between two layers of 
only one atomic layer. This kind of technologically tour de forces are 
likely to open a new world for the physicists as structures with atomic 
dimensions become available and are a challenge for materials scientists 
to aim at the physically possible limits. 
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2. Outline of CVP on a crystalline substrate 
Growth of an epitaxial (= raonocrystalline) layer with CVD, which is 
relevant in this study, can be divided schematically, as indicated in 
fig. 1, in the following steps [3]: 
1. mixing of reactants and transport to the hot zone 
2. transport, by diffusion, through the hot zone coupled with 
chemical reactions in the gas phase 
3. adsorption on the crystal surface 
t. surface diffusion to the reactive sites 
5. incorporation in the crystal lattice (via chemical reactions) 
6. desorption of the products 
7. transport of the products through the hot zone to the exhaust 
In an analysis of a CVD process it is essential to characterize each 
step as good as possible, as one weak link in the chain of reactions can 
have an adverse effect on the whole process. Essential in such a study 
is the determination of the reaction step which proceeds most difficult 
and therefore demanding the greatest potential difference: the rate 
limiting step in the growth process. Roughly a division can be made 
between diffusion (mass transport) and surface (kinetlcally) controlled 
processes. The potential difference between in- and output is in the 
first case needed to diffuse reactants to the surface and products away 
from the crystal, in the second case it is all needed to overcome an 
energy barrier on the crystal surface; fig.2 
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Flg.1 Schematic view of the growth of silicon from sllane by CVD, 
Indicating the different steps In the process. 
A) An overall view of the reactor system. 
B) An outline of the transport and reactions 
near and at the crystal surface. 
To distinguish between the two processes, and eventually analyse the 
kinetics on the surface, demands a careful examination of the overall 
growth kinetics and study of the surface morphology. In principle, in 
epitaxial growth, diffusion limited processes show a good crystalline 
perfection of the layers, a low temperature dependence of the growth 
rate, but as a disadvantage a layer thickness, which varies аз a 
function of place, because the gas depletes, and which depends on the 
shape of the substrate. Surface controlled processes usually give rise 
to an imperfect morphology and features like growth hillocks, bunches 
and even polycrystalline growth can be observed. 
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3. Transport of reactants and products 
ι It is recognized more and more that control of the gasflow pattern in 
the reactor tube is of great Importance when sharp Junctions are desired 
[4,5]. Ideally gasflows brought together at a certain time, with a 
specific composition, should not mix with portions introduced earlier or 
later. This can be achieved best by reducing the time the flow needs to 
reach the hot zone and by working with a laminar flow. The piping, 
leading the mixed gas to the reactor should be as short as possible, and 
dead volumes in valves should be avoided absolutely. To minimize the 
residence time of the gas in the reactor tube It is profitable to work 
under reduced pressures. It is especially important to prevent return 
flow effects in the entrance region. There the gas expands due to the 
greater cross-section and to a sudden increase in temperature caused by 
the hot susceptor. This means an optimization of the shape of the 
reactor cell and susceptor, for specific temperature and flow settings. 
Though often given too little attention, it is also important what 
happens with the reactants after the deposition zone, both with respect 
to the process as to the environment. For the former It Is essential 
that the exit of the reactor does not cause return flows and that the 
products do not Interfere with the growing crystals. For example In 
MOCVD of GaAs the formation of solid arsenic on cold parts of the 
reactor tube can give rise to dust on the crystal surface. Last but not 
least, CVD is often carried out with aggressive, poisonous, chemicals. 
As oxygen, or water is notorious in ruining the process, It is obvious 
to prevent any leakage before the reactor, however disposal of the 
reaction products is also a responsibility of the operator, though it is 
not always an easy task. 
In case the gas flow is laminar and turbulence as well as convection 
Is absent, the reactants are transported to (and the products from) the 
crystal surface via diffusion (vertical) and gas flow (horizontal). The 
fluxes to and from the crystal can be described with a diffusion model, 
which contains Fick's law [5]. During their transport to the crystal 
surface the reactants are heated up, so all kind of chemical reactions 
are likely to occur. 
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Ч. Gas phase chemistry 
In a CVD system the driving force for crystallization (Δμ) Is mainly 
caused by the chemical instability of the reactants. A distinction can 
be made between systems where the reactants are far from equilibrium and 
the chemical reactions cause a large potential drop and those, which are 
more equilibrium related and were the supersaturation is only small. 
Examples of the first type of processes are the growth of Si from ЗіНц 
and GaAs from (СНз)зОа and ASH3. To the second group belong the growth 
of Si and GaAs via SÌHCI3, and via ASCI3 and GaAs, respectively. 
As the difference in equilibrium and Input partial pressures is large 
in systems with a large Δμ, a study on the gas phase chemistry Is then 
best performed by an evaluation of the chemical kinetics. Unfortunately 
this is only possible for some simple systems [6], as the propagation of 
the reactions depends on temperature and flow profile and the reaction 
kinetics. So, it is in most systems common practice to make the 
assumption that ultimately chemical equilibrium is established near the 
crystal surface. Then two extreme situations can be considered: the gas 
phase is also in equilibrium with the crystal (heterogeneous 
equilibrium) or only internally (homogeneous equilibrium) [7]. The 
first situation is representative for a diffusion controlled proces, 
fig. 2A, the supersaturation, Δμ, is all needed to transport the 
reactants and products, to and from the crystal surface. As the 
diffusion can give a difference in chemical composition, e.g. Cl/H 
ratio, between input and surface region, in some systems, where a 
detailed study makes sense, it could be wise to correct for this 
difference [8]. The case of homogeneous equilibrium is the extreme 
situation that the process is completely surface controlled (fig. 2B). 
In practice always an intermediate condition is present and the 
supersaturation of the gas phase near the crystal surface is in between 
these two limits. 
For a near-equilibrium system, such as the growth of GaAs or Si in 
the chloride system, the difference between hetero- and homogeneous 
equilibrium is small, so a good description of the process can be 
obtained, by a thermodynamic analysis, in any case [9,10]. To 
illustrate the use of thermodynamics in CVD, the Ga-As-Cl-H system is, 
as an example, worked out in detail. 
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4.1. Thermodynamics in CVP 
One of the methods to grow GaAs is via the Effer process [11]. A3CI3 
is introduced into a furnace, where at high temperatures solid gallium 
arsenide is present. There the arsenic chloride decomposes and reacts: 
(1) ASCI3 + 3 ОаАз(з) + 3 GaCl + Азц 
The equilibrium mixture of gallium monochloride and arsenic formed in 
this way is transported with a hydrogen carrier gas to a zone where the 
temperature is lower and where the gallium arsenide is deposited again: 
(2) GaCl + % Asi| + \ H2 * GaAs(s) + HCl 
In this system the transport of gallium via chlorine is determining the 
amount of GaAs, which will be grown. The release of arsenic from the 
gallium arsenide in the first hot zone is relatively easy, at these high 
temperatures, due to the great tendency of arsenic to evaporate. To 
predict under what conditions the transport of gallium with chlorine is 
most efficient, the following thermodynamic approach is applied. 
Suppose 1$ ASCI3 in Hg is able to achieve equilibrium with solid 
GaAs. The composition of the gas phase after the establishment of that 
equilibrium is determined by the stability (μ°) of all possible gas 
phase species. For example for GaCl the following relations can be 
deduced: 
(3) Ga(l) + * СІ2 î GaCl - ^ - exp { — ^ } = Kp,GaC1 
1"СІ5'% 
ApfCT): the standard chemical potential of 1 mol of species i 
with respect to the elements in their most stable state, 
all at 1 atm pressure, for the given temperature. 
KP,GaCl: Equilibrium constant for the formation of GaCl out of 
liquid gallium and chlorine, for pressures in atm. 
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For each species in the system a similar equation can be formulated. 
Their relative stability Δμ°, which is for 1 mol equal to AGf^, i.e. 
the Gibbs free energy it costs to form species i out of the elements 
(all at 1 atm), is often tabulated in thermochemical data books [12-15]. 
(For 29Θ Κ μ of the elements is 0, so that then Δμ, -μ.) As shown in 
chapter 2 and 7, evaluation of Δ0ο of a reaction, is also possible by 
evaluation of ΔΗ0, the standard enthalpy, or Δ30 the standard entropy. 
The thermodynamic data needed to perform calculations in the Ga-As-Cl-H 
system are extensively discussed in ch. 7. 
The equilibrium gas phase composition of the system can be calculated 
using the fact that AG is minimal. The relation between the Gibbs free 
energy of a system and the stability of its components is given by: 
(4) G - Ζ ni μ. 
i 
ui = wî + RT ln Pi 
where nj: mol of species 1 
According to the Gibbs phase rule, a system consisting of a gas phase 
containing χ compounds and 4 elements, has 5+x degrees of freedom. For 
every compound an equation such as eq. (3) can be written down, if the 
temperature is specified, which fixes 1+x parameters, so that only the 
partial pressures of the t elements are left аз unknown quantities. 
Thus for a given total pressure and 1 condensed phase, which determines 




, only 2 parameters are left to choose. This 
can be for example the molar ratio of Cl/H and (Ga - As)/Cl. 
In fig. 3 the equilibrium gas phase composition of 1ï ASCI3 in Hj is 
shown in the temperature range from BOO to 1200 K. The incoming ASCI3 
is totally decomposed at all temperatures. Chlorine is preferably 
attached to hydrogen at low temperatures, but changes rapidly for 
gallium (GaCl) at increasing temperatures. Arsenic is at low Τ most 
stable in the form of Азц. The dimer gains importance at higher 
temperatures. The total arsenic pressure (2 Рд3;) + Η Рдзи) is rising 
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Flg.3 Gas phase cœposltlon of GaAs(s) in equlJlbrium 
with If A3CI3 In Hg at \ atm total pressure as a 
function of temperature. 
In the deposition model, the incoming gas etches the solid gallium 
arsenide and achieves equilibrium at T,. The mixture, with a known 
composition, flows, without intermediate deposition, to a zone at T2, 
where the excess GaAs can be used for epitaxial growth, and ultimately 
equilibrium is reached again. The amount of gallium (nGa) which is 
transported from the hot (^) to the deposition zone (T2) Is given by: 
C5) noaCT,) - { Ζ χ n G a x C l y H z - noad • η ^ α J (T ) 
x ,y »z 
The number of moles which can be deposited is the difference between the 
input and the amount which should remain in the gas phase: 
(6) (nGa)dep = Пса(Ті) - nGa(T2) 
This is linked with the partial pressures as indicated in fig. 3 via the 
perfect gas law: 
(7) 
Ρ = η (RT/V) 
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So It would seem straightforward to replace the number of moles by the 
summation over the partial pressures. However one problem arises, 
(RT/V) is only constant when the number of species in the system does 
not change. In general this Is not true and the total number of gas 
phase molecules are unequal before and after the reactions. Therefore a 
relative gallium content, to compare with the solubility (L), as used in 
chapters 4 and 5, should be introduced. The sum of the partial 
pressures as used there Is formally not correct, though it is of little 
importance for a system where the change in the number of moles is only 
small. A correct approach would be to relate the content to the number 
of moles of an element which is constant during the whole process, such 
as hydrogen, chlorine, or the sum of both. In the 'chlorine system it is 
most logical to relate the gallium content to the chlorine input, as 
this takes care of almost the entire gallium transport. Then the 
solubility represents, more or less, the efficiency of chlorine to 






where EP G a - Σ Χ Ρο 3 χ01 γΗ ζ 
x,У,ζ 
The advantage of this definition of the relative solubility is that 
changes In the number of moles caused by the chemical reactions affect 
the sum of the partial pressures of chlorine the same as the sum of the 
gallium pressures. On the other hand the relation between the number of 
moles gallium present in the gas phase and the solubility is clear as 
the moles of chlorine at any temperature is equal to the amount in the 
input. 
The difference in relative solubility at Ti and at Tj Is called the 
excess of gallium: e 
(9) e - Loa-dCT,) - LGa-Cl(T2) 
So finally we end with: 
(10) (noaWp ' ε "Cl 
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The excess of gallium can be deduced from fig. 3 and nç^ is three times 
the number of mol AsClj introduced in the reactor. 
800 ,000 Т ( Ю 1200 
Flg.l Solubility (L) curve for II ASCI3 In H2 at 1 atm total pressure 
as a function of temperature. 
Чіа-СІ " r p ^ · t h e partial pressures of gallium and chlorine species 
can be derived from fig. 3* 
The excess, e, Is the difference in solubility between two temperatures. 
In fig. 1 the relative solubility of gallium is plotted as a function 
of temperature. As indicated, when the source is at Ti and the 
deposition zone at T2, an excess (ε) of gallium is present in the gas 
phase, which can be used to form СаАз(з). Experimental evidence [10,16] 
Indicates that the growth rate is proportional to ε. This means that 
all, or a constant fraction, of the gallium which can be released from 
the chlorine is deposited as gallium arsenide after reacting with 
arsenic. A similar behaviour is found In the Si-H-Cl system, nicely 
illustrated in fig. 8 of chapter Η of this thesis. As indicated in that 
chapter the excess is at a given deposition temperature proportional to 
the supersaturation Δμ. Strictly the relation between ε and Δμ is only 
valid for a one-component system, but as can be seen in fig. 3 Is 
reasonable for the Ga-As-Cl-H system at high temperatures. 
In chapter 4 and 5 the use of solubility curves is extensively 
treated, so here only briefly the most important aspects will be 
discussed. It can be seen in fig. 4 that in the whole temperature 
region the source should be at a higher temperature than the deposition 
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zone. As the curve flattens at high temperatures it makes little sense 
to go higher than 1200 К with Ti. With a T2 around 1000 К it makes 
little difference whether the source is at 1100 or 1200 K. The steeper 
the curve the smaller the temperature difference needs to be to obtain a 
certain growth rate. In this case, going down with the deposition 
temperature to 900 К is hindered by the occurence of a rate limiting 
step on the crystal surface, the desorption of chlorine, reducing the 
growth rate and the quality of the epitaxial layers. 
As will be shown in this thesis, calculations of the gas phase 
composition can be used also in predicting the incorporation of dopants 
(ch. 6). The subsystem of the dopant element usually is internally In 
equilibrium in the gas phase and the partial pressure of the monatomic 
dopant is then a measure for the amount, which is built in [17,18]. 
As shown in chapters 2 and 3. in order to predict the surface 
coverage, it is essential to establish the gas phase composition. It Is 
in this respect good to realize that radicals are most eager to adsorb 
on a silicon surface, as they can form chemical bonds. As they can be 
of only minor importance in the gas phase, it is better not to restrict 
the gas phase calculations to the most important species only. 
Even for systems which are known, or expected, to be far from 
equilibrium, it Is useful to calculate what the equilibrium situation 
would be. One should of course try to use knowledge on kinetics as far 
as possible, but the result of an equilibrium calculation already gives 
a good idea about the relative stability of the different possible 
species. In chapter 7 thermodynamical calculations are used to get an 
idea of the reactivity of gallium versus arsenic with respect to various 
reactants which may be present in the gas phase. 
5. Adsorption and surface structure 
After transport of the reactants and all kind of gas phase reactions 
the growth units have to adsorb onto the crystal surface. As, up to 
now, little attention was paid to the adsorption process, which is 
therefore poorly understood, it is one of the main issues of this 
thesis. 
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Experimentally, adsorption under conditions relevant for CVD 
processes, is hardly accessible. So, instead a theoretical study is 
carried out, but as far as possible based on experimentally observed 
phenomena. Essential in this respect is the fact that crystal growth of 
GaAs or Si on (111), (100) and (110) surfaces proceeds via steps. 
Growth species adsorb on the crystal surface and diffuse to the steps 
were they can be incorporated. Adsorption calculations can give 
information whether step growth is likely or not. Full coverage with 
impurities will hinder the movement of growth species and can even 
prevent proper attachment leading to polycrystalline growth. 
Accumulation of growth species can lead to two dimensional nucleation, 
creating new steps, therewith bypassing growth via the presented steps. 
The view as presented here is not consistent with available 
adsorption models, which predict a high surface coverage [19,20]. In 
these papers, step growth on the (100) surface of GaAs is explained, 
assuming an overlayer of adsorbates, which stabilizes the surface [21]. 
In our view step growth is an intrinsic property of a (100) face, 
related with surface reconstruction. In the world of ultra-high vacuum 
experiments, this is a well-established phenomenon [22], in the field of 
epitaxial growth by CVD the impact of reconstruction is hardly 
recognized [23]. It will be shown in this thesis that, in general, 
reconstruction will not be removed by adsorbates in the high temperature 
region where epitaxial, step growth is observed. An atomistic picture 
will be presented which is able to explain step growth on a (100) 
silicon surface, in case of a low surface coverage. As the structure of 
the bare surface plays an essential role in this model, a short review 
will be given on the most important faces of Si and GaAs. Thereafter 
the adsorption model used will be elucidated briefly, as well as the 
implications for crystal growth. 
As to be seen in fig. 5a and b both silicon and gallium arsenide 
consist of tetrahedrally bonded atoms, in the first case all identical 
ones in the latter alternately gallium and arsenic. This results for 
both in a face-centered cubic lattice, for silicon in the diamond 
structure, space group Fd3m, and for GaAs, which has a lower symmetry In 
the zinc blende structure, F¡¡3m. In the crystal structure clearly the 
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close packed (111) face can be discerned, as well as the {001} cube 
faces and a chain of tightly bonded atoms running in the [110] 
direction. 
О Si A O G a ©A9 
Fig 5 
A) Crystal structure of silicon, B' crystal structure of g a U U m arsenide, 
indicated is the [Ï10J PBC in indicated is the [ÏIO] PBC in 
the upper part of the cube. t h e uPP e r Part o f the cube. 
In this study the structure of the surface is important, which is, in 
a first approximation, a reflection of the crystal structure. With 
respect to the growth behaviour, the stability of a crystal face, which 
is determined by the strength and the arrangement of the bonding in the 
surface layer, is essential. To obtain more insight in the bonding 
structure of a crystal face it is very useful to carry out a PBC-
analysis [24]. This means a determination of the number of Periodic 
Bond Chains which are present in the surface layer. According to the 
Hartman Perdok theory, a PBC is an uninterrupted path of bonds having an 
overall periodicity of the crystal lattice. When in the surface layer 
of a crystal face two, or more, intersecting PBC's are present, the 
bonds between the atoms form a two-dimensional connected net and growth 
is only possible via steps; a (flat) F-face. When only one PBC is 
present, the surface is built up of strong chains, which are stable in 
the perpendicular direction, but with easy attachment lengthways; a 
(stepped) S-face. If no PBC is present, the surface is rough. It is a 
(kinked) K-face, with easy attachment at any site. 
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Essential in the analysis whether a PBC is present or not, is the 
thickness of the surface layer. This is according to the PBC theory 
determined by the crystallographic extinction conditions, as determined 
by the bulk properties. It is a serious matter of discussion, whether 
this is a proper criterium in case of semiconductors with a zinc blende 
or diamond structure. As will be evident from the following paragraph 
the structure of the surface layer can differ considerably from the bulk 
structure. 
As for OaAs and Si only the first neighbours are strongly bonded in 
the crystal lattice, a PBC should contain two of the four sp3 bonds of 
an atom, which are pointing in a <111> direction, as indicated in 
fig. 5a,b. Therefore all PBC's should run in <110> directions. With 
this Information it can be derived that for silicon as well as gallium 
arsenide only one crystal face is flat: {111}. As can be seen in fig. 6 
this surface contains 3 intersecting PBC's. 
Fig.6 The three Intersecting PBC's for the (111) surface of OaAs (or SI). 
In fig. 7 a (110) surface is shown. It contains only 1 PBC and so 
should be stepped. Fast growth and etching is possible in the [1Ï0] 
direction. Growth experiments on GaAs and Si spheres however, indicates 
that {110} faces are present as small facets [25,26]. This could point 
to a stabilization in the [001] direction. As shown in chapter 7 the 
[110] chains are polarized, the arsenic being negative and gallium 
positive. This could give a Coulomb interaction in the [001] direction 
strong enough to account for the stability of the (110) face. 
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Flg.7 The [1Î0] PBC for the (110) surface of GaAs (or Si) 
However the most notorious stabilization is observed for the (100) 
face. According to a PBC-analysis this face is kinked for silicon, 
fig. 9A, and stepped for gallium arsenide, fig. 9B. The latter is a 
consequence of the greater thickness of the (100) slice for GaAs. To 
obtain a periodicity for both gallium and arsenic, formally a slice 
should be taken containing both elements. This is analogous to the 
chemical view that in etching or growing, Ga and As is removed or 
attached аз one unit. It will be shown In chapter 7 that with respect 
to hydrogen, both have a nearly equal reactivity and could also etch 
Independently. This makes the difference between GaAs and Si vague. 
Obviously the observed step growth is not in accordance with the K-
and S-character of silicon, respectively gallium arsenide. For GaAs the 
picture changes radically when surface reconstruction is taken into 
account. In the absence of interactions with gas phase species it is 
well-known that two dangling bonds pointing towards each other form a 
new bond. This connects two surface atoms; fig. B. 
[100] 
A L 
Вгока Bond model 
Fig.8 Cross-section of a (100) surface of GaAs, Indicating the bond formation 
In the surface layer by the dlmerlzatlon process. 
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Fig.9 A) The (100) surface of s i l i con . 
In the broken bond configuration no PBC can be constructed ( l e f t part) . 
Though dlmerlzation s tabi l izes the surface, 
no long order interaction (PBC) i s formed. 
B) The (100) surface of gallium arsenide. 
Due to i t s binary character, CaAs has 1 PBC per s l i c e . 
For arsenic in the top layer i t Is the [Oil] PBC, 
In case of gallium. It i s the perpendicular [OlT] PBC. 
After dlmerlzation to a (ZxOAs structure 
two intersecting PBC's can be constructed. 
For s i l icon th i s r e su l t s in principle in a (2x1 ) s t ruc ture , although 
more complicated ordering can not be excluded [27] . Though an 
interact ion i s introduced in the [011] direct ion i t does not give a long 
order s t ab i l i za t ion required to give an F- or an S-face. As will be 
shown in chapter 3. the assumption that adjacent to a double-bonded 
s i l icon species no dimer bond is possible, i s suff icient to explain why 
attachment is preferable in the direction of the dimer bond. This 
resu l t s in an stepped face. As si l icon contains a fourfold screw axis 
in the <001> direct ion, the dimerization in a subsequent layer is 
rotated 90°, resul t ing in an F-like growth. 
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For GaAs reconstruction can result in a (2x4) arsenic stabilized 
structure; fig. 9D. It can be seen directly that a connected net is 
formed (the choice of the new PBC is a bit arbitrary), so that 
independent of the growth kinetics, (100) is expected to be an F-face 
for GaAs. So in this case it is obvious that an analysis starting from 
the bulk structure of the crystal is not sufficient; the distortion of 
the surface, which is quite general for semiconductors (chapter 7), 
should be taken into account. 
Only now that the structure of the bare surface is specified it Is 
appropriate to introduce adsorption. As large adsorption energies can 
be involved the structure of the surface layer can be affected and 
obviously one of the intriguing questions now is, whether the surface 
reconstruction is removed by the adsorbates on (100). 
To calculate the surface coverage a Langmuir model is applied. This 
implies that all adsorbates attach to a well-defined site by forming a 
chemical bond. In principle all sites are equal and the adsorbates do 
not interact. As pointed out in chapter 3 the resulting surface 
coverage gives information on the tendency of gas phase species to 
attach to the surface, for a given gas phase composition. It predicts 
which growth species will be dominant on the crystal surface and 
therefore will be the most probable species to be incorporated, and 
tells whether the growth is likely to be Interfered by impurities. 
For (111) the Langmuir model can be applied in its unmodified form, 
for a reconstructed (100) surface an interaction is introduced by the 
dimer bonds. Two different sites can be identified, but more important, 
the adsorption becomes dependent on the local environment. Therefore an 
energy correction must be introduced, which takes into account the 
coverage of the immediate surrounding; a mean-field approximation. An 
important result which comes out of the calculations, chapter 3, is that 
reconstruction is very difficult to remove by adsorption. Species are 
most likely to form only a single bond, therewith giving (100) the 
character of the (111) surface. The kinked character, for silicon the 
possibility to form two bonds, has disappeared. On the basis of the 
stability of the dimer bonds for GaAs a behaviour similar to that for 
silicon is expected. Probably this can be generalized to all 
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semiconductors with a zinc blende structure, namely that at high 
temperatures the reconstruction of a (100) surface is not removed by 
adsórbales and step growth will be observed. 
6. Incorporation and subsurface trapping 
After adsorption onto the crystal surface, growth units diffuse over 
the surface and are Incorporated at a step site. A point which has 
given attention to in this thesis is the final incorporation in the 
bulk. This is discussed on the basis of doping in III-V compounds. It 
is shown in chapter б that the concentration of dopant which is finally 
built in, is very sensitive to the Incorporation mechanism. The process 
can be divided in 3 steps, where basicly the dopant is transformed from 
an adsorbed species to a bulk atom. Most important is that the bonding 
situation changes, at the surface only one (maybe two) bonds with the 








Fig.10 Incorporation of dopants. 
1. Incorporation of the adsorbed atoms in the surface layer by: 
a propagating step, or a surface vacancy. 
2. exchange of a surface atom with the gas phase» 
to remove any excess, e.g. formed by the kinetics of step 1. 
3. exchange of a subsurface atom with the surface by diffusion. 
this step is often too slow compared with the growth rate: subsurface trapping 
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In fig. 10 the three steps are illustrated. First the adsorbed 
species is either incorporated by a step, or tumbles in a surface 
vacancy. Though for Si and CaAs, growth on (100), (110) or (111) 
proceeds via steps, the concept of subsurface trapping can be applied 
for both normal and step growth. As incorporation by a step causes a 
change in chemical potential, either during the incorporation, or 
afterwards (2) a large portion of the dopant may be rejected and desorb. 
As the crystal grows, new layers are deposited on top of the dopant 
atom. It will be buried, unless It is able to migrate through the 
crystal. In fig. 10 it is indicated that in step 3 the incorporated 
dopant is eager to diffuse out of the crystal. This is due to the fact 
that the equilibrium concentration is in general lower in the subsurface 
than in the surface. 
It will be shown in chapter 6 that it is a quite common phenomenon! in 
the growth of III-V compounds that step 3 is hindered. In other words 
the velocity of the incorporated atoms, caused by diffusion, to the 
growing gas-solid interface, is lower than the lateral growth velocity 
of that surface, so that the dopant is buried. 
As already discussed the excess of dopant in the subsurface Is caused 
by the difference in environment, between the surface and the 
subsurface; situation 2 and 3 in fig. 10. However in many experiments 
it is likely that also the desorption equilibrium at the step is not 
established (left part of 1 in fig. 10). This is called step trapping. 
It should be realized that this is only effective when the subsequent 
desorption and diffusion processes are also hindered, else equilibrium 
between subsurface and gas phase can be restored. 
7. Conclusion and lay-out of this thesis 
As already indicated in this thesis, several aspects of the CVD 
process, are studied experimentally as well as theoretically. As in the 
world of epitaxial growth of silicon and gallium arsenide, too little 
attention is paid in explaining the process in terms of both chemistry 
and surface structure, the emphasis in this work is on those two topics. 
27 
In part 1, chapter 2 and 3, the adsorption i s studied in two simple 
systems, containing only two elements, s i l icon and hydrogen, and the i r 
compounds. Already there i t i s evident that i t i s essential to have a 
good notion of the surface s t ructure and the way the adsorbates are 
attached to the surface. 
In part 2, chapters 4 and 5, another aspect of s i l icon growth i s 
considered: the importance of the gas phase composition in determining 
the growth velocity and therefore the power of thermodynamic 
ca lculat ions . The theoret ica l knowledge of the gas phase composition i s 
used to control the growth in a furnace with a great precision. 
In the th i rd part of t h i s thesis some aspects relevant in the growth 
and etching of GaAs are elaborated. In chapter 6 the Incorporation of 
dopants i s theoret ica l ly studied from which i t is possible to predict 
when equilibrium incorporation is no longer possible and trapping will 
occur. In the l a s t chapter (7) of th is work the surface s t ructure of 
GaAs i s studied. The underlying idea being that an understanding of the 
bare surface should form the basis for a detailed crystal growth 
description in CVD processes. Аз GaAs i s a binary compound i t i s 
essent ia l to control the III/V r a t i o during growth or etching in the 
surface layer. The r e a c t i v i t y and s t a b i l i t y of gallium versus arsenic 
i s studied in order to bet ter understand the influence of the ambient 
gas phase on the composition of the sol id. 
REFERENCES 
[ 1 ] Proceedings of EuroCVD 5 (1985), Ed. J.-O. Carlsson and J. LlndstrOm 
(Uppsala, Sweden) 
[ 2 ] Proceedings of the Ninth Intern. Conf. on CVD (Cincinnati, Ohio, USA, 1984), 
Ed. McD. Robinson, C.H.J, van den Brekel, C.W. Cullen, J.M. Blocher Jr. 
and P. Hal-Choudhury, (Electrochem. Soc. 81-6, Pennington, NJ, USA) 
[3] J. Bloem and L.J. Glllng, In: Current Topics In Materials Science 
Vol. 1 oh. 4, Ed. E. Kaldls, (North-Holland, Amsterdam, 1978) 
[ 4 ] K.F·. Jensen, Proc. Ninth Intern. Conf. on CVD (Cincinnati, Ohio, USA, 1984), p. 3 
(Electrochem. Soc. 84-6, Pennington, NJ, USA) 
[ 5 ] J. van de Ven, C.M.J. Hutten, M.J. Raaymakers and L.J. Glllng, 
J. Crystal Growth 76 (1986) 352 
[ 6 ] M.E. Coltrln, R.J. Kee and J.A. Miller, J. Electrochem. Soc. 131 (1984) 425 
2 8 
[7] F. Langlals, F. Hottier and R. Cadoret, J. Crystal Qrowth 56 (1962) 659 
[8] P. van der Putte, L.J. Oiling and J. Bloem, J. Crystal Growth 31 (1975) 299 
[9] J. Bloem, Y.S. Oei, H.H.C, de Moor, J.H.L. Hanssen and L.J. Glllng, 
J. Electrochem. Soc. 132 (19Θ5) 1973 
[10] J.L. Centner, Philips J. Res. 38 (1983) 37 
[11] D. Effer, J. Electrochem. Soc. 112 (1965) 1020 
[12] JANAF Thermochemloal Tables 2 n d ed., NSRDS-NBS 37 
(Natl. Bur. Std. US, Washington, DC, 1971) 
[13] D.D. Wagman, W.H. Evans, V.B. Parker, R.H. Schumm, 1. Halow, S.M. Bailey, 
K.L. Churney and R.L. Nuttal, "NBS tables of chemical thermodynamic properties", 
J. Phys. Сhem. Ref. Data 11 (1982) supplement 2 
[11] I. Barin, 0. Knacke and 0. Kubaschewskl, "Thermochemloal Properties of Inorganic 
Substances" (Springer, Berlin, 1973) 
[15] 0. Kubaschewskl, E. LL. Evans and C.B. Alcock, "Metallurgical Thermochemistry" 
H t h ed., (Pergamon, Oxford, 1967) 
[16] D.W. Shaw, J. Phys. Chem. Solids 36 (1975) 111 
[17] H.T.J.M. Hintzen, J. Bloem and L.J. Giling, J. Electrochem. Soc. 131 (1981) 1900 
[18] M.W.M. Graef, B.J.H. Leunlssen and H.H.C. Moor, 
J. Electrochem. Soc. 132 (1985) 1912 
[19] A.A. Chernov and M.P. Rusalkln, J. Crystal Growth 15 (1978) 73 
[20] R. Cadoret in: Current Topics in Materials Science Vol. 5 ch. 2 
Ed. E. Kaldis, (North-Holland, Amsterdam 1980) 
[21] R. Cadoret, L. HoiIan, J.B. Loyau, M. Oberi in and A. OberiIn, 
J. Crystal Growth 29 (1975) 187 
[22] A. Kahn, Surface Sci. Reports 3 (1983) 193 
[23] L.J. Glling and W.J.P. van Enckevort, Surface Sci. 161 (1985) 567 
[21] P. Hartman in: "Structure and Morphology In Crystal Growth: an introduction" 
Ed. Ρ Hartman, (North Holland, 1973, Arasterdam) ρ 367 
[25] J.G.E. Gardenlers, private communication, 1986 
[26] J.B. Loyau, M. Oberlin, A. Oberlln, L. Hollan and R. Cadoret, 
J. Crystal Growth 29 (1975) 176 




ADSORPTION AND CRYSTAL GROWTH 
ON SILICON 
CHAPTER 2 
ADSORPTION ON Si(l 11) DURING CVD OF SILICON FROM SILANE: 
THE EFFECT OF TEMPERATURE, BOND STRENGTH, 
SUPERSATURATION AND PRESSURE 
ADSORPTION ON Si(111) DURING CVD OF SILICON FROM SILANE: 
THE EFFECT OF TEMPERATURE, BOND STRENGTH, 
SUPERSATURATION AND PRESSURE 
Abstract 
In a theoret ica l study of the growth of s i l icon from SiHij, we 
calculated the coverage of a Si(111) surface with a l l species exist ing 
In the Si-Η system. These calculations are based on the Langmuir model 
for adsorption in which estimated standard Gibbs free energies for 
adsorption are used for a l l these species, together with the i r 
equilibrium par t ia l pressures in the gas phase. The coverages are 
calculated as a function of temperature, supersaturation of the 
gas phase, enthalpy of adsorption and t o t a l H2 pressure. I t Is shown 
that the coverage strongly depends on the adsorption energy. Because 
some species are bonded stronger to the eurface than others, the 
composition of the adsorbed layer i s quite different from that of the 
gas phase. I t I s shown that monatomic hydrogen i s the most important 
adsórbate. Despite the great sens i t iv i ty of the coverage on the 
enthalpy of adsorption used in the calculations i t i s concluded that at 
the higher temperatures where monocrystalline growth i s observed the 
surface i s barely covered with H, on the other hand at low temperatures 
the coverage with H i s almost complete. I t i s also demonstrated that at 
lower hydrogen pressures the surface coverage with monatomic hydrogen i s 
strongly reduced, extending the growth regime for monocrystalline growth 
to about 900 К for a to ta l pressure of 10 atra. SÍH2 Is the most 
abundant growth species at 1 atm Hj pressure, with a coverage ranging 
from 10 to 0.02, dependent on the supersaturation. However at high 
temperatures and low H2 pressures monatomic s i l icon i s more abundant on 
the surface than SÍH2 and i s the f i r s t species to be considered in a 
growth mechanism. Silane is unimportant as an adsorbed growth unit as 
i t can not form a chemical bond. 
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1. Introduction 
Crystal growth Is a process in which growth units adsorb on the 
crystal surface and are Incorporated In the l a t t i c e . I t will be clear 
that when various components can adsorb on the crystal surface, they 
will compete for each free surface s i t e . Since only the adsorbed growth 
units can contribute to the growth r a t e , a l l other adsorbed species, 
impurities, may reduce the growth r a t e because of a blocking of 
available surface s i t e s , thus diminishing surface concentration and 
diffusion of growth species. A high concentration of adsorbed 
impurities hinders the advancement of s teps , which may resu l t in step 
bunching, two dimensional nucleation and even the outgrowth of hil locks 
[ 1 ] . Moreover when these Impurities are bu i l t in, they may cause 
Imperfections in the grown layer. So knowledge of the composition of 
the adsorbed layer i s important for a better understanding of crystal 
growth phenomena. 
Despite i t s fundamental Importance, as well in experimental as in 
theoret ical s tudies , l i t t l e has been reported so far on adsorption in 
relat ion to crystal growth. Experimental studies mostly deal with 
crystal growth processes at room temperature in l iquid solutions giving 
Information about growth inhibi tors or morphological consequences. 
Adsorption studies in ultra-high vacuum [2,3] give some information on 
the nature of the atomic species adsorbed on the surface at high 
temperatures. But also here, systematic studies on adsorption as a 
function of temperature and par t ia l pressures of the adsorbed species 
are scarce or j u s t s t a r t i ng . Even for the technologically important CVD 
processes of s i l icon and GaAs l i t t l e i s known in th i s respect . So far 
only few theoret ical analyses are avai lable , Indicating the presence of 
dense adsorption layers on Si(111) [1 ] , GaAsOOO) and (111) [5-7] as 
well as on InAs [ 8 ] . 
In t h i s paper i t will be shown that only at low temperatures, where 
polycrystal l ine growth Is observed, a dense adsorption layer i s 
probable. However at high temperatures, where i t Is possible to grow 
epitaxial layers , the coverage with H will be low. This can be 
concluded from the calculat ions, despite a lack of knowledge on the 
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exact bond strength, if also crystal growth observations are considered. 
Adsorption calculations also have thei r value in an analysis of the 
surface k inet ics , because they can be used to decide which part ic les are 
potent ia l ly important in determining the reaction r a t e and which species 
can be ruled out in explaining the k i n e t i c s . I t t e l l s In which regime 
impurities can be expected to play a role and how t h e i r surface 
concentrations can be minimized. 
We have studied In detai l the effect of various parameters on the 
adsorption of the gaseous Sl-H system on a 31(111) surface, allowing a l l 
species to be competitive. The adsorption model which will be presented 
i s Intent ional ly kept as simple as possible because the uncertainty In 
the s t ructure and energy of the surface and the adsorbates Is so large 
that a refined model does not make sense. 
A method will be presented to estimate the complete data set 
necessary to calculate the adsorption constants. After computing the 
gas phase composition for the Si-Η system the coverage of the 31(111) 
surface i s calculated, using the concepts of cheml- and physlsorptlon. 
This will enable us to demonstrate the above mentioned sens i t i v i ty of 
the degree of coverage (Θ) for small changes in ДН
а<з and the dependence 
of coverage on the t o t a l H2 pressure and the supersaturation of the gas 
phase. The 31(100) surface during growth from ЗіНц, the Si-H-Cl and the 
Ga-As-Cl-H systems will be the subjects of three forthcoming papers 
[9,10,11]. In two appendices an account i s given of the parameters used 
In the calculat ions. After a discussion of the Importance of several 
parameters a recipe i s given how to get an impression of surface 
coverage In systems for which accurate thermodynamic data are absent. 
2. The adsorption model 
2 . 1 . Chemlsorptlon 
In order to calculate the equilibrium coverage Qj of species i on 
31(111), following Langmuir, localized adsorption i s assumed i . e . the 
adsorption enthalpies involved are much larger than kT. The surface i s 
thought to consist of adsorption s i t e s , of equal geometry and energy 
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content. This implies that a flat surface, without steps and kinks, is 
considered and that relaxation of the crystal surface is neglected for 
the time being. Each site can be occupied by one molecule; steric 
hindrance or strong dipolar interaction influencing adsorption on 
neighbouring sites is not taken into account in this paper but will be 
dealt with in a coming paper [10,11]. Every radical can only form one 
bond with the silicon surface, the bond always being perpendicular to 
the crystal surface. 
The adsorption process may be considered as a chemical equilibrium: a 
certain species (e.g. H) in the gas phase reacts with a free silicon 
surface site (*) resulting in an adsorbed species (e.g. H*). 
(1) H + * t H* 
The equilibrium constant К
а(і(н for this reaction relates the partial 
pressure of H in the gas phase to the relative concentration of vacant 
sites ( ас) a n d adsorbed H* ( % ) : 
r ? l ir [H*] BH 
a d
' [ 4 PH ©Vac PH 
Rewri t ing of t h i s e q u a t i o n and t a k i n g I n t o account t h a t 1 s p e c i e s can 
adsorb: 
(3) ас - 1 - Σ 0 ! 
i 
l e a d s t o t h e f a m i l i a r Langmuir i s o t h e r m : 
K
ad,H PH (4) ΘΗ -
1 + Σ K
a d i i Pj 
According to thermodynamic theory the equilibrium constant Is related to 
о 
the difference in standard Glbbs free energy (Δ0 ) by: 
(5) RT InK = -ДС° 
So that for reaction (1) we can write: 
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(6) HT lnK
a d ) H - -(Нн* - H* - HH) + Τ (SH* - si - SH) 
- -ΔΗ°
α
 + Τ AS¡d 
о о 
where H and S are the standard enthalpy and entropy respectively at 
temperature T. Eq. (6) shows that a high (negative) adsorption enthalpy 
(bond strength) and a small loss In entropy will result in a large 
equilibrium constant for adsorption and thus in a high surface coverage. 
The main problem in discussing adsorption is the uncertainty in the 
enthalpy change in the formation of the new bond. No reliable 
experimental data are available for the adsorption enthalpy on a silicon 
surface. As an approximation the diatomic bond strength (DABS) is often 
used. This is a good starting point for diatomic molecules which 
contain a single bond, but in many other cases, where in the diatomic 
molecule double or triple bonds are present, it Is essentially wrong. 
For instance, in the adsorption of CI or Si on a (111) silicon surface a 
single bond is formed, whereas in the diatomic molecules, SiCl and SÍ2, 
the bond order is 2\ respectively 2. For the Sl-H system in appendix A 
an evaluation is given of the available data on bond strength and 
length, resulting in an adsorption enthalpy, at 29Θ K, of 51) kcal/mol 
for the Si or Sl-H species and 70 kcal/mol for H on a Si(111) surface. 
The accompanying bond length for Si-Si is 2.35 A and for Si-H 1.52 A 
respectively. 
From the given room temperature value of ДН
ас
) its value at a 
temperature Τ can be calculated using: 
Τ 
(7) AH¡d(T) = ΔΗ298 + f ACp dT 
298 
The correction term, /ДСр dT is best evaluated using partition 
functions. Although generally this is complicated by the lack of 
accurate data, It is well possible for silicon, because the silicon 
system is thoroughly Investigated [12]. In appendix В the relation 
between Cp and the partition function is worked out in detail. 
The entropy content of the system is also calculated with the use of 
partition functions (appendix B). It is assumed that upon adsorption a 
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non-linear gas phase molecule looses 3 translatlonal and 3 rotational 
degrees of freedom, whereas a gain is achieved of 1 stretch and 
2 bending modes of the adsórbate as well as rotation along the bonding 
axis. A small contribution to S (and Cp) is given by some low lying 
electronic states of the molecules in the gas phase, of the dangling 
bonds on the surface and those of the adsorbed species. This leads for 
a Si(111) surface to an entropy change given by: 
0 0 0 0 
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T o t a l | 
iS¡d I 
-29 .9 | 
- 27 .2 | 
-44 .8 | 
-46.2 | 
-З1.2 | 
| -36.6 | 
I -39.5 | 
In table 1 all the terms which contribute to this change in entropy 
are listed. The data to perform the calculations on the gas phase 
species have been taken from JANAF [12-14], Glushko [15] and Noläng 
[16]. The vibrational frequency of the adsorbates Is calculated using 
v3tretch(sl"H' - 2057cm-1 and vbendingt31-") = 637 cm-1 [17] (app. B, 
eq. (B.11)), whereas for the evaluation of the rotational contribution 
the following bond lengths and angles have been taken: S1-S1 2.35 A and 
Si-H 1.52 A, 120° for SiH (sp2 hybridization) and 109°28' (sp3) for SiH2 
and SÍH3. The bond between adsórbate and crystal is perpendicular to 
the surface for Si(111). The electronic levels in the adsorbed molecule 
are assumed to be the same as in the corresponding gas phase particle, 
to which one additional H is attached. A 31(111) surface consists of 
dangling bonds which, in a first approximation, have a double 
degenerated groundstate. The accompanying electronic contribution to 
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the entropy, 1.1 cal/mol К, which is los t during adsorption, i s of minor 
importance, but s t i l l i s taken into account. For the adsorbing 
molecule, as well as the crystal surface, i t i s further assumed that the 
internal vibration modes are not affected by the adsorption process. 
From an inspection of table 1 I t i s obvious that for the entropy loss 




 i s of l i t t l e importance, the main 
contributions come from the t rans lat ional and the rota t ional p a r t . For 
the adsórbate the vibrat ion, especially bending, contributes most to the 




Temperature correction, AH^-jgg, for the adsorption enthalpy 
at 1100 К (kcal/mol) on 51(111) 
H | -0.9 | S1H | 1.6 | 
si I 1.0 I SIH 2 I -2.8 I 
si2 I -2.3 I SIH3 I -1.1 I 
SI3 I -1.1 I 
In table 2 it can be seen that the temperature dependence of the 
enthalpy of adsorption is small. The various contributions to Cp almost 
appear to cancel each other, so in eq. (7) this term is not significant. 
Table 3 
LogKad for the adsorption on 51(111) at 1100 К 
H I n.54 I siH I 1.37 I 
s i I 2.31 I S1H2 I 0.87 I 
5 1 2 I -1.00 I SIH3 I -0.02 I 
513 I -1.50 I 
From the enthalpy and entropy data as given in tables 1 and 2 and 
appendix A, the equilibrium constants for the adsorption of the 
gas phase rad ica l s have been calculated and are given in table 3. If 
the p a r t i a l pressures of the gas phase species are known, the surface 
coverage can be calculated using eq. (1). 
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2.2 Physisorption 
SiHi), SijHg and H2 can not form chemical bonds with the substrate. 
Only physical interaction with the silicon surface is possible, so the 
adsorption is no longer localized and two degrees of translational 
freedom are maintained. In the calculation of S^ransl of t h e 
physlsorbed state it is assumed that all molecules occupy the same 
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surface area as H2, viz. 17 A . This value Is derived from the density 
of liquid H2, 70 g/1 [18], assuming a cubic close-packed arrangement. 
For rotation most probably only 1 degree of freedom is preserved 
resulting in a rotational loss of one degree for H2, a linear molecule, 
and two for SiHi). Entropy gain resulting from vibration is not taken 
into account, the stronger the bonding to the surface the more important 
its contribution, however the gain is counteracted by the smaller 
translation contribution of the lateral movement. The enthalpy is 
estimated, using Chernov's results [19], to be θ kcal/mol for H2 and 
10 kcal/mol for SiHij. In table 1 the entropy and enthalpy data and the 
resulting equilibrium constants at 1400 К for physisorption of SIHij and 
H2 are given; SÍ2H5 Is omitted because its coverage will be far below 
the physically realistic limit. 
Table 1 
Physisorption on S l ( l l l ) 
№298 ΑΗχ-298 
(kcal/mol) 
H2 -8 -2.2 
SiHi, -10 -3.3 
at 11)00 к 
s gas Sphyslsorp 
transi pot transi rot 
(cal/mol К) 
35.8 6.2 m.o 2.14 
HH.O 16.6 19.5 3.0 
4S¡d 







For low coverage, using the Volmer approach, it can be derived that: 
(9) і - K
a d i l Pi 
0i is the time averaged fraction of the surface covered with species i. 
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3. Calculation of partial pressures, effect of supersaturation 
For the determination of the gas phase composition equilibrium 
calculations have been performed. For many cases this method has given 
satisfactory results [1,20]. Thi3 is especially true when growth and 
etching go hand in hand, as in the SiCli) and SÌHCI3 systems. One must 
be careful however if the system is far from equilibrium, as is the case 
in the growth of Si from ЗіНц, which is relevant for this paper, because 
here kinetic factors will play an Important role too. For Instance the 
temperature distribution and the residence time in the reactor may 
determine the degree of decomposition of allane. Therefore, in order to 
obtain an apparatus independent view on adsorption, two limiting 
situations will be considered, representing the limiting cases for the 
supersaturation: 
(i) Heterogeneous equilibrium, when equilibrium is established 
between gas phase and solid silicon; only temperature and pressure 
determine the composition of the gas phase. In this case the 
supersaturation of the gas phase is essentially zero. In practice this 
corresponds to near-equilibrium growth, e.g. in a hot-wall reactor [20], 
or to a mass transport limited CVD process, where the reactions at the 
surface are faster than the diffusion towards the crystal. It must be 
realized that for this latter situation the concentration of growth 
species is low, the lower limit being the equilibrium situation. 
(li) Homogeneous equilibrium [21] if the rate limiting step is the 
incorporation of growth species In step or kink positions. The 
equilibrium between solid and gaseous silicon Is not established, the 
gas phase is only equilibrated internally, so the supersaturation is 
maximal. 
The last model will give an upper limit of the concentrations in the 
gas phase, the first a lower limit. However it should be realized that 
kinetic barriers can give rise to higher partial pressures of ЗіНц and 
intermediates, like SIHg, and lower of the products, e.g. SÌ2. 
The above mentioned equilibrium calculations were performed using an 
iterative computer program based on minimization of the Glbbs free 
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Τ (К) 
Flg. 1а Gas phase composition of the Sl-H system as a function of temperature, 
using the heterogeneous equilibrium hypothesis, at 1 atm total pressure, 
heterogeneous equilibrium. Apart from H2, the most important species in 
the gas phase are SiHi) and Η at respectively low and elevated 
temperatures. SiHj and SÌH14 are the dominating silicon containing 
molecules. 
In fig. lb the homogeneous equilibrium mixture of 1$ SÌH14 in Hj is 
depicted. Omitting the presence of solid silicon, thus allowing a high 
supersaturation of growth species, results in an increase of the total 
silicon content in the gas phase of more than three decades. The 
partial pressures of SiHx are increased similarly; the influence on 
SigHg, SI2 and SÌ3 is evidently more drastical, resulting in the 
dominance of SÌ3 over SÌH2 at high temperatures. This clustering of 
silicon is in fact the onset of the formation of solid silicon. If Зіц 
or SÌ5 were taken into account their concentration would also be high. 
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Flg. 1b Gas phase composition of 1Í S1H|| In Нг as a function of temperature, 
using the honogeneous equilibrium hypothesis, at 1 atm t o t a l pressure. 
Experimentally l i t t l e i s known about the s t r u c t u r e of SÍ3 and larger 
c lus te r s . Recent theoret ical calculations indicate tha t SÍ3 i s probably 
cycl ic , with an apex bond angle of 78°, instead of l inear as formerly 
assumed [12] . However the transformation of the t r iangular form to the 
l inear form i s easy, although the difference in s t a b i l i t y is calculated 
to be θ kcal/mol [22] . I t i s assumed that the l inear form will be 
adsorbed, for the cyclic form probably will decompose on adsorption. So 
P s i , , and thus the coverage, can be a factor of 20 too high using the 
JANAF data, for these might be related with the cycl ic form. The 
importance of S i j , an intermediate in the formation of Si j and larger 
c lus te r s , in the gas phase has been established recently [23]. 
With the given p a r t i a l pressures and the equilibrium constants for 
adsorption as tabulated in tables 3 and Ц, the surface coverages for 
chemi- and physisorptlon can be calculated using eqs. (1) and ( 9 ) . 
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Ч. Adsorption at atmospheric pressure 
800 
ЮО0 1200 U00 T(K)· WOO 
Fig. 2a Coverage of a Si(11t) surface, In equilibrium with a "heterogeneous" 
gas phase at 1 atoi total pressure, as a function of temperature. 
The dotted l ines refer to physlsorptlon. 
Fig. 2a and b give the composition of the adsorption layer on a 
Si(111) surface as a function of temperature. Two processes const i tute 
t h i s layer: chemisorption and physisorption. All the radica l s in the 
gas phase compete, with different probabi l i t i e s , to form a bond with the 
dangling bonds of the s i l icon surface atoms. Over t h i s layer of 
chemisorbed radica l s , a submonolayer of physisorbed molecules i s formed, 
which i s transparant for the radicals in the gas phase and those present 
on the surface. Even if physisorption i s substant ia l , chemisorption i s 
hardly influenced by the presence of physisorbed species. Because also 
4 3 
with chemisorbed radicals van der Waals interactions are possible, in a 
first approximation, the surface area available for two-dimensional 
physlsorption is independent of the coverage of the crystal surface with 
radicals. So the two layers can be described independently. 
Both in the homo- and heterogeneous approach H is the dominating 
species in the chemisorbed layer. At a temperature of 1400 K, where the 
growth can be epltaxlally, the coverage is 0.14. The only difference 
between hetero- and homogeneous equilibrium is found in the coverage of 
the silicon species. In the case of heterogeneous equilibrium SiHj is 
the most important silicon adsórbate, although at 1600 К Si adatoms also 
must be considered (fig. 2a). The coverage with growth species is for 
- R -fi 
all temperatures very low; 8x10~ at 800 К rising to 2x10 at 1300 К 
where it reaches an almost constant level. Comparing fig. 2a with la it 
is evident that the composition of the gas phase and the chemisorption 
layer are not identical. The surface is considerably enriched in H, Si, 
SiH and SiHj, especially at lower temperatures. This is a direct 
consequence of differences in standard Gibbs free energies upon 
adsorption for these species. 
In the homogeneous assumption, fig. 2b, SIH2 is also the dominating 
growth unit. The concentration is evidently much higher, ranging from 
0.1$ to 2.5% with a maximum in Qsm- at 1200 K. Evidently the increase 
of PsiHp with higher temperature is too small to counteract the decrease 
in KgiHp. Striking is the small coverage of SÌ3 at high temperatures, 
although it is the most important silicon radical in the gas phase its 
surface coverage amounts to less than 1Í of діНо· In table 1 the 
reason can be found: the linearity of the SÌ3-molecule gives for the 
adsorbed species no contribution to the rotational part of the entropy, 
which accounts for the entropy loss to be 10 cal/mol К higher than for 
SiHp. This demonstrates that small changes in the standard Gibbs free 
energy can have an enormous effect on the coverage. 
The physlsorption layer is, as expected, very rarefied; van der Waals 
interactions lead only to substantial coverage near the condensation 
temperature of the adsorbing species. H2 is the most important 
physisorbed species. The packing density of the physisorbed layer is at 
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Flg. 2b Coverage of a Sl(111) surface. In equilibrium with a "homogeneous" mixture 
of 1Í SIHII In Нг at 1 atm total pressure, as a function of temperature. 
The dotted l ines refer to physlsorptlon. 
800 К comparable with the density of Hj in the gas phase, at 1400 К the 
adsorption layer i s already 2 decades more raref ied. So H2 is repelled 
from the s i l i con surface at higher temperatures. Then the lower entropy 
going with confinement to a two-dimensional physisorption layer becomes 
evidently more important than the enthalpy gain. 
For SiHi) i t i s even less favourable to be present near the crystal 
surface; the rota t ional entropy loss i s much larger than for H2. As can 
be seen in f ig. 2a and b at a l l temperatures the density in the 
physisorption layer i s lower than in the gas phase. If the 
concentration of s i lane i s compared with QsiH?· ^ t o a n b e 3 e e n that as a 
growth uni t , i t s Importance on the crystal surface i s negligible at a l l 
temperatures. 
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In the following physisorption will be omitted, because the coverage 
is always negligible compared with chemisorption. For the crystal 
growth process of silicon obviously the chemisorbed radicals on the 
crystal surface are far more important. 
1.1. The Influence of bond strength on the surface coverage 
It has been stated various times that the accuracy in the 
bond strength is not very high. Several factors can be mentioned that 
make AH
ac
j uncertain: relaxation and reconstruction of the silicon 
surface, the influence of the lower lying silicon layers and a poor 
knowledge of even the isolated bond. Therefore it is interesting to see 
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Flg. 3 Hydrogen coverage of a Sl(111) surface, In equilibrium with 
a "heterogeneous" gas phase a t 1 atm t o t a l pressure, 
as a function of the Sl-H bond s t r e n g t h . 
Sl-Sl bond strength Is 54 koal/mol. 
To t h i s end i t has been calculated how a change of 5 and 10$ in the 
strength of the Si-Η bond affects the coverage on a S i O I I ) surface. 
The r e s u l t s are given in f ig. 3. From t h i s figure i t can be seen that 
at e.g. 1300 К a 10Ϊ more s table Si-Η bond (with respect to 70 kcal/mol) 
gives an increase in Η-coverage from 21 to 80Í. Destabilizing the bond 
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with 10Í, which amounts to a difference of only 7 kcal/mol, results in a 
ц of 2Í. The assumption of homogeneous instead of heterogeneous 
equilibrium in the gas phase only gives minor changes In this pattern. 
So within the limits of uncertainty the surface Is calculated to be 
almost bare ór fully covered with monatomio hydrogen. 
The question now Is which coverage corresponds to the real situation. 
Because of the sensitivity of the coverage for small changes In the 
data, the problem can not be solved theoretically, only experiments can 
give the final answer. In the literature available to us, we have rot 
been able to find any case where experimental conditions could safely 
guarantee the near-equilibrium situation required for comparison with 
our calculations. It is possible to measure the enthalpy with flash 
desorption, but this technique is too inaccurate to elucidate this 
situation; the most sensitive method would be in situ determination of 
the equilibrium coverage. Because UHV analyzing techniques cannot be 
applied in these high pressure growth systems, no direct information is 
available yet. As a compromise, Indirect Information can be obtained 
studying crystal growth phenomena as a function of gas phase 
composition, e.g. bunching, pit formation and growth rate, because 
impurities affect these processes. 
The dramatic effect in the change of Η-coverage, as described above, 
of course reflects itself in the adsorption of the other species. In 
fig. 4a and b the coverage of SÌH2 is shown as a function of Τ for small 
changes in the Si-Η bond strength, i.e. in the Η-coverage, assuming a 
constant ΔΗ for the Si-Si bond, viz. St kcal/mol. Compared with fig. 2a 
and 2b the main characteristics of the Osifb v s T plots are preserved in 
fig. ta and b. Decreasing the Si-Η strength from 77 to 63 koal/mol in 
general results in an increase of GSÌHT· This is an obvious result; 
Si-SiHg becomes relatively more stable. At high temperatures a lower 
Si-Η bond strength can also result in a lower зін?· which is best seen 
In fig. ta. This effect is due to a change in the vibration entropy of 
SiHj, which is coupled to ДНзі-н. since the known frequencies of Sl-H 
are used to calculate the stretch and bending frequencies of S1H2 
(eq. (B.11)). 
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Flg. la S1H2 coverage of a 31(111) surface, In equilibrium with a "heterogeneous" 
gas phase at 1 atra total pressure, as a function of the Sl-H bond strength. 
Sl-Sl bond strength Is 51 kcal/mol. 
Flg. Db SIH2 coverage of a (111) surface, in equilibrium with a 
"homogeneous" mixture of 1Í SlHy In Hj at 1 atm total pressure, 
as a function of the Sl-H bond strength. 
Si-Si bond strength is 5Ί kcal/mol. 
In case of heterogeneous equilibrium the coverage of SÌH2 increases 
as a function of r is ing temperature for a l l values of ДНді-н. fig. Ча, 
but the effect i s more pronounced for higher Si-Η enthalpies . In the 
homogeneous equilibrium assumption the re la t ion between OSÍH? a n d 
temperature i s completely different ( f ig . ^b), which was already 
apparent in f ig . 2b. When here the Sl-H bond is taken to be 101 less 
s table than in the diatomic molecule, OsiHo i 3 continuously decreasing 
with r i s ing temperature, while for higher bond strengths a maximum In 
the coverage i s found, as In f ig. 2b. So only for a very weak Si-Η bend 
SÍH2 can effectively compete with H at low temperatures. 
In principle i t should be possible to obtain an idea of the surface 
coverage from the growth r a t e , which is related with Здінр· t ' u t ^ т а У 
not be expected that t h i s will resul t in a highly r e l i a b l e picture of 
the surface; the number of unknown parameters i s too large. Only if 
surface processes are r a t e l imiting a dependence of the growth ra te on 
the equilibrium coverage of SÍH2 i s observed; in these cases a trend 
towards a homogeneous equilibrium si tuat ion i s expected. 
5. Influence of to t a l pressure on surface coverage 
Fig. 5 Hydrogen coverage of a SiCllI) surface, In equilibrium with 
a "heterogeneous" gas phase, as a function of temperature 
for different total Hj pressures. 
X: transition between mono and polycrystalllne growth 
as experimentally observed by Duchemln [25]. 
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Growth at reduced hydrogen pressures has been shown to be profitable 
with respect to the perfection of crystalllnity of the epilayers 
[24-27]. It is possible to grow monocrystalline layers at much lower 
temperatures than at 1 atm, due to the lower coverage of impurities. 
Although oxygen is notorious in degrading the surface quality also 
hydrogen has a great Influence on the transition between poly- and 
monocrystalline growth. 
In fig. 5 the hydrogen coverage is shown as a function of pressure 
and temperature, using again for the bond strength of H on Si(111) the 
value of 70 kcal/mol. It is obvious that lowering the pressure results 
in an enormous decrease in Η-coverage, for the gas phase consists almost 
entirely of hydrogen. A hundred fold reduction in pressure results at 
1300 К in a change in ц from 0.21 to 0.026 and at 1000 К from 0.6Θ to 
0.17 due to a decrease in the partial pressure of monatomlc H with a 
factor of 10. 
From this calculation it is clear that working under reduced Hg 
pressures gives a less covered surface and thus an Increased surface 
mobility of the growth species. More Important is, that it also gives 
10 
- 1 
Fig. 6 Transi t ion temperature between 
mono and polycryata l l ine growth 
as a function of t o t a l H2 
pressure for s i lane growth 
according t o Duchemin [25] . 
-2 0: monocrystalline growth 
x: p o l y c r y s t a l l i n e growth 












Jess chance that as a resu l t of a high coverage large amounts of 
adsorbates are trapped, the epi taxia l feeling gets los t and 
monocrystalllne growth becomes polycrystal l ine growth. A similar effect 
can be obtained when hydrogen as a car r ier gas Is replaced by an inert 
gas. However th i s has the disadvantage that the influence of oxygen 
becomes more important; hydrogen i s a bet ter agent to diminish the 
effect of trace amounts of th is impurity [28]. 
The t rans i t ion between mono- and polycrystal l ine growth i l l u s t r a t e s 
the influence of impuri t ies. In f ig . 6 the resu l t s as obtained by 
Duchemin et a l . [25] for SiHi) growth are plotted. The corresponding 
t rans i t ion points are also indicated in f ig . 5. I t can be seen tha t , 
-r-
Fig. 7a Coverage of a (111) surface at 1100 K, In equilibri™ with a 
"heterogeneous" gas phaae, as a function of the total H2 pressure. 
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for the three pressures lying in the range measured by Duchemin, the 
hydrogen coverage i s 20 ± 5$. I t must be remembered though, that t h i s 
о 
figure strongly depends on the value of ДНді-н used in the calculat ion 
of ц versus Τ (fig. 3) . The point i s that the maximum coverage of H 
where epitaxial growth i s possible i s remarkably constant. 
For the heterogeneous Si-Η equilibrium the surface coverages of a l l 
chemisorbed species have been calculated at ΙΊΟΟ К as a function of 
t o t a l pressure on a Si(111) surface; fig. 7a. I t appears that at high 
pressures SÌH2 i s the main growth species, at lower pressures Si adatoms 
are the most important growth units . In the homogeneous equilibrium 
Log(e) • 
•' L o g ^ ) - ? 
Fig. 7b Coverage of a (111) surface at 1100 K, In equilibrium with a 
"honogeneous" equilibrium mixture of 100% 51Нц If Ptot ^  10"2 atm 
and with a constant partial pressure of ЗіНц of 10" 2 atm In H2 
for all Ptot ' 1 0~ 2 a t n · т a function of the total Hj pressure. 
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assumption a similar behaviour i s found; f ig . 7b. The only difference 
is a much higher SÌH2- and Si-coverage and a greater probabil i ty for the 
existence of s i l icon c lus te r s , e.g. SÌ3, on the surface. Note that in 
both cases the H-coverage drops with the square root of the H2 pressure. 
6. Discussion 
The present analysis has demonstrated tha t , within the l imi ts of 
accuracy, i t i s hard to calculate the impurity coverage better than 
within one order of magnitude for most temperatures (f ig. 3)· Despite 
th i s uncertainty i t can be argued from crystal growth considerations, 
that a coverage of more than 80Í at temperatures higher than 1300 К is 
very unlikely, in agreement with the conclusions of Claassen [29], but 
in contrast with the observations of Cadoret and Hottier [30] . The 
basic requirement for good epitaxial growth i s that each growth unit can 
easi ly find a correct l a t t i c e place at the crystal surface. This 
implies a surface mobility for growth units which i s not hindered by 
adsorbed impurity atoms, kink s i t e s which are not blocked by these 
impurities and steps which can propagate freely without bunching on each 
other, as i s the case when a low concentration of impurity atoms is 
adsorbed on the surface. In addition the concentration of adsorbed 
growth units must be reasonably high to explain the fast growth 
processes at the surface. 
In our opinion the absence of step bunching, stacking faults and 
growth pyramids, i s direct evidence that for the growth of s i l icon at 
Τ > 1300 К, the s i l i con surface i s reasonably free of chemlsorbed 
Impurities. I t has been shown above that when 5Ί and 70 kcal/mol are 
used for the Si-Si and Si-Η bond strength respectively, which direct ly 
followed from an analysis of the bond strength, a surface coverage i s 
calculated which i s in fa i r agreement with the above given crystal 
growth c r i t e r i a ( f igs . 2a and b) . In addition the concentration of 
growth species on the surface i s high enough t o make sure that 
adsorption and subsequent surface diffusion are not r a t e l imiting at 
temperatures where gas phase diffusion i s known t o l imit the 
growth r a t e . The amount of hydrogen on the surface on the other hand i s 
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low enough not to hinder the motion of steps at temperatures where 
epi taxia l growth i s observed. This gives confidence that the calculated 
adsorption curves are representative for the actual s i tua t ion , although 
some uncertainty will remain up to the moment that the coverage has been 
determined experimentally. 
In t h i s paper i t i s shown that for the growth of s i l icon from si lane, 
at one atmosphere, SÌH2 i s potential ly the most Important growth 
species, In agreement with Claassen's assumptions [31] . If the presence 
of hydrogen i s reduced in the gas phase the importance of atomic s i l icon 
as a growth unit increases at higher temperatures. SiHij is despite the 
r e l a t ive high par t i a l pressure in the gas phase of no importance as an 
adsorbed species: i t i s not capable to attach properly to the surface. 
I t I s however of prime importance as supplier of SÌH2, what can be 
formed in the gas phase in equilibrium with s i lane . However I t i s also 
possible that the crystal surface acts ca ta ly t ica l ly on the 
decomposition of ЗіНц; chemical reactions transform physlsorbed species 
in chemisorbed ones, because they are bound stronger to the surface. In 
the approach presented here t h i s can not be distinguished, only the 
equilibrium concentrations are calculated. 
For the crystal growth process primarily the radicals which are 
chemisorbed on the crystal surface should be considered; in t h i s study 
H, Si and SiHg. This will often give r e s u l t s which are not expected 
from an analysis of the gas phase composition, i t even may be that 
species which are only present in small concentrations can determine the 
process. 
In the calculations presented above not only a l l the species present 
in the Si-Η system are taken into account, but also a l l possible 
contributions to the entropy have been calculated. This is not always 
necessary, because i t can be seen in table 1 that not a l l entropy terms 
are equally important. Therefore if for a system the data to determine 
the entropy are not as easi ly accessible as for the silicon-hydrogen 
system, to a f i r s t approximation i t will be suff ic ient j u s t to take the 
t rans la t iona l part as the entropy l o s s . This i s easy to calculate for 
a l l molecules, knowing the molecular weight. I t can be verified in 
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table 1 that the agreement with the more precisely calculated entropy 
loss i s good for H, SÌ2, SÌ3, SÌH2 and SÌH3. Only for Si and SiH the 
difference i s l a rge . 
The best recipe for a correct estimate of the adsorption enthalpy i s 
to take the bond strength of a bond resembling the adsorption bond with 
respect to bond order and, if possible, configuration. With these data 
the equilibrium constant for adsorption can be calculated, so that after 
calculating the par t ia l pressures of the species in the gas phase and 
using eq. (4) a f i r s t impression on the composition of the adsorption 
layer is obtained. In the above given i l l u s t r a t i o n of adsorption on a 
Si(111) surface i t i s seen that hydrogen i s the dominating adsórbate. 
So if only the to t a l coverage i s of in teres t the problem can be 
simplified by taking only H into account. For th is species i t i s 
worthwile to evaluate more contributions to the entropy, however an 
approximation which can be made in any case i s to neglect the electronic 
contribution and the temperature correction for the adsorption enthalpy 
(table 2) . If information i s desired regarding the nature of the growth 
species, then the i n i t i a l calculations will give an indication which 
par t ic les can be omitted in a more rigorous evaluation. In the above 
given example th i s concerns, Si, SiH, S i j and SÍ3 at low temperature and 
SÍ2, S i j at high temperature in the heterogeneous equilibrium 
assumption. Especially if the gas phase contains many species t h i s 
considerably simplifies the calculat ions. 
7. Conclusion 
I t has been shown that calculations on the degree of adsorption are 
very sensi t ive to small variations in the heat of adsorption, or small 
changes of the entropy, indicating that the utmost care must be taken in 
using these data for the in terpreta t ion of crystal growth phenomena. 
The calculations also revealed a high sens i t iv i ty to the to ta l 
hydrogen pressure, demonstrating in t h i s way the benefit of working 
under reduced H2 pressures. 
Finally i t has been shown that the composition of growth species on 
the s i l icon surface i s completely different from that calculated for the 
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gas phase. This phenomenon will also remain true when the actual 
bond strength i s smaller ór larger than suppossed, and i s therefore of 
general in teres t for an understanding of the chemistry and the mechanism 
of the CVD process. Since on the crystal surface only radicals are of 
i n t e r e s t , in discussing crystal growth, i t i s important to consider 
the i r concentration in the gas phase too. 
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Appendix A Bond strength and length 
- Si-Si 
The best correspondence i s found with the bonding in a s i l icon 
crys ta l ; so half the sublimation enthalpy [12] should be taken: 
53.85 kcal/mol. In view of the uncertaint ies involved a round value 
of 54 kcal/mol i s used. The accompanying bond length i s 2.35 A. 
For a l l s i l icon species adsorbing on the s i l icon surface the same 
values are used, i t should be realized though, that small differences 
due to the subst i tuents are to be expected. 
- Si-H 
As a f i r s t approximation i t i s possible to take the reaction enthalpy 
of the decomposition of the diatomic molecule in the gaseous 
elements: 
(A.I) SiH + Si + H 
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With the use of data from the JANAF tables [12,14] the enthalpy 
amounts to 70 ± 2 kcal/mol. In compounds such as SiHj, SÌH3 and 
SiHj), the average Si-Η bond strengths are 77, 71 and 77 kcal/mol 
respectively [15,13]. Clearly hybridization and subst i tuents have a 
significant effect on the enthalpy of formation. 
In t h i s paper we have chosen the lower value of the diatomic 
bond strength, DABS, because implicit ly with adsorption, the small 
(but certainly present) surface relaxation has to be taken into 
account. 
The bond length varies from 1.52 A, SiH, to 1.48 A, SIH4; the more 
substituents the shorter the atomic distance. Following the choice 
of the DABS, 1.52 A is the Si-Η bond length in the present 
calculat ions. 
Appendix В The p a r t i t i o n function related to entropy and heat capacity 
In general the re la t ion between the entropy and the canonical 
par t i t ion function (Q) of a system with volume (V) at pressure (P) i s 
given by: 
(B.1) S = k[ Τ Г э ш 
L ЭТ 
+ I n Q | 
V,N 
If the system i s ideal and consists of N indistinguishable molecules 
with independent modes of motion the molecular p a r t i t i o n function (q) 
can be written as the product of t r a n s l a t i o n a l , r o t a t i o n a l , vibrational 
and electronic contributions. 
(B.2) Q - ( 4 t Чг ЧУ Че) 
Ν! 
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Using S t i r l i n g ' s approx imat ion: 
(B.3) I n Q = N l n ( q t q r q v q e ) - N I n N + N 
Гэіп qt ЭІП q
r
 31n q
v S = KN Τ — + — + ^ 
1




+ {In q t - I n Ν + 1} + In q r + I n q v + In q e } 
The e n t r o p y can be w r i t t e n as a sum of independent c o n t r i b u t i o n s . 
The i n f l u e n c e of t h e p a r t i t i o n f u n c t i o n on t h e heat c a p a c i t y i s given 
by: 
(В.Ч) Cp - C
v




kT2 Q ЭВ2 Q 2 IsßJ 
. V,N 
β - — 
kT 
The l a s t term i n eq. (В.Ч) i s for 1 mol of an i d e a l gas equal t o t h e 
g a s c o n s t a n t R. For C
v
, t h e d i f f e r e n t c o n t r i b u t i o n s t o t h e molecular 
p a r t i t i o n f u n c t i o n , a r e a l s o a d d i t i v e , c o n s i d e r i n g t h a t eq. (B.5) i s i n 
f a c t t h e second d e r i v a t i v e of I n Q. 
T r a n s l a t l o n a l c o n t r i b u t i o n 
I f f o r t h e ent ropy t h e N! terra i s i n c l u d e d and f o r t h e heat c a p a c i t y 
t h e second term of eq. ( Β . Ό , i t can be d e r i v e d t h a t for n mol of an 
i d e a l g a s , with mass m and t h r e e degrees of t r a n s l a t l o n a l freedom: 
(B.6) q t - (2 iTmkT/h 2 ) 3 / 2 V 
S t = nR l n { e 5 / 2 ( 2 T T m k T / h 2 ) 3 / 2 (kT/P) ) 
- p , t 5 n R 
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R o t a t i o n a l c o n t r i b u t i o n 
Assuming t h a t t h e r e i s no coupl ing between v i b r a t i o n a l and r o t a t i o n a l 
l e v e l s i n t h e molecules ( t h e r i g i d r o t a t o r approximat ion) and t h a t 
t h e t e m p e r a t u r e i s high enough t o g ive a cont inuous d i s t r i b u t i o n of 
s t a t e s , i t can be der ived for a l i n e a r m o l e c u l e , wi th symmetry f a c t o r 
σ and moment of i n e r t i a I , t h a t : 
(B.7) q
r
 - 8 ^ k T I - J L 
oh 2 σθ
Γ 
Sp - nR(1 + 1 η ( · ^ 1 ) 
Cp,r - n R 
When s p e c t r o s c o p i c d a t a are a v a i l a b l e i t i s useful t o w r i t e t h e 
r o t a t i o n a l t e m p e r a t u r e 9
r
 as a f u n c t i o n of the r o t a t i o n a l c o n s t a n t B: 




 - ^ 
In JANAF [12-14] t h e e q u i l i b r i u m r o t a t i o n a l c o n s t a n t B
e
, and a
e i t h e 
r o t a t i o n a l v i b r a t i o n a l i n t e r a c t i o n c o n s t a n t , a r e t a b u l a t e d . 
For polyatomic and adsorbed molecules wi th F degrees of r o t a t i o n a l 
freedom: 
(B.9) ,r .fij/- .^,!« -
„ г- _F/2 
c P . r = | nR 
A T F / 2 
σθρ 
I t should be reminded t h a t for gas phase molecules r o t a t i o n along 
3 axes I s p o s s i b l e , for a d s o r b a t e s r o t a t i o n i s only p o s s i b l e a long 
1 a x i s . 
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Vibrational contribution 
In the harmonic o s c i l l a t o r r ig id ro ta tor approximation, after 






1 - exp{-g } 1 - e x p f ! ! } 
nR 
( /Т) ехр(- /Т) 
1 - ехр(- /Т) Injl - ехр(- /Т)} 
-ρ,ν 
nR 
(в /Т) ехр(- /Т) 
_ (1 - ехр(- / Т ) } 2 
For adsorbed molecules the vibrational frequency v, to calculate 
the vibrat ional temperature θ
ν
, i s usually unknown so an 
approximation has to be made. For a harmonic o s c i l l a t o r i t i s known 
that ν i s proportional to μ, the reduced mass (which equals for an 
adsorbed molecule i t s mass), and k
e
, the force constant: 
(B.11) ν * ( b l « 
2De 
Re2 
The dissociation energy D
e
 and bond length R
e
 are often known. S t i l l 
missing i s knowledge about the proportionality factor A. This can be 




 the vibrational 
frequency i s known. 
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Electronic contribution 
For a molecule with g-fold degenerated excited states, with an energy 
E above the ground state: 
(B .12 ) q e I 81 exp{ ¡¿} 
nR 
. Σ Ei/kT) gi expi-Ei/kT) 
In Eg! expC-Ei/kT) + i 
1
 Σ gi expC-Ei/kT) 
-ρ, e nR 
ZiEj/W) gì expC-E^kT) 
Σ g! expí-Ej/kT) 
Σ(Ε1/ΚΤ) gi expí-Ei/kT) 
Σ gì exp(-Ei/kT) 
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CHAPTER 3 
ADSORPTION AND GROWTH KINETICS ON Si (100) 
FOR CVD OF SILICON FROM SILANE: 
THE EFFECT OF SURFACE RECONSTRUCTION 
ADSORPTION AND GROWTH KINETICS ON Si(100) FOR CVD OF SILICON FROM SILANE: 
THE EFFECT OF SURFACE RECONSTRUCTION 
Abstract 
The coverage of a Si(100) surface with growth units and impurities is 
calculated, within the Langmuir adsorption model and derivations 
thereof, for a broken bond as well as for a (2x1) reconstructed surface. 
It is shown that for the broken bond model, where every silicon atom has 
two dangling bonds, the coverage with growth species is far too high to 
be acceptable. A better agreement with the experimentally observed step 
growth on SidOO) can be attained if surface reconstruction is taken 
Into account. Then adsorption can occur in two ways: (1) directly on 
the remaining dangling bonds, or (ii) after breaking of the dimer bond. 
It is shown that double-bonded silicon adsorbates are only present at 
low concentrations, for the dimer bonds have to be broken, reducing the 
gain in adsorption energy considerably. So a reconstructed (100) 
surface is mainly covered by single-bonded species (hydrogen), just like 
a (111) surface. Combining this result with a kinetic crystal growth 
model leads - at high temperatures and low supersaturations - to 
diffusion of single-bonded silicon adsorbates to steps, where they are 
incorporated two by two, after simultaneous breaking of one dimer bond. 
The model explains why a (100) surface grows as if it were an F-face, 
like (111). Nevertheless at high supersaturations, in contrast with 
81(111), the silicon coverage on Si(100) becomes high, making direct 
condensation probable. It is shown that monatomlc Si dominates at 
Τ > 1375 К, below this temperature SIH2 is the main growth unit. 
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1. Introduction 
During the growth of silicon from the gas phase impurities as well as 
growth units adhere to the surface and diffuse over the surface to step 
and kink sites where they can be incorporated in the lattice. A high 
surface coverage retards the movement of species on the surface; the 
concentration of growth species can become too high leading to 
two dimensional nucleation and eventually growth hillocks. A high 
coverage with impurities can hinder the movement of the steps resulting 
In bunching and can result in incorporation into the lattice [1,2]. So 
for a good understanding of crystal growth it is of great importance 
that the composition and density of the adsorption layer on a crystal 
surface is studied; experimentally as well as theoretically. 
According to UHV studies the top layers of a (100) surface of a 
diamond-like crystal are distorted compared to the bulk [3,1]. The 
dangling bonds pointing towards each other overlap and an extra bond is 
formed between two surface atoms. Essential in the model presented in 
this study is that the resulting stabilization of the surface will 
hinder adsorption, If this causes breaking of dimer bonds. Therefore 
hydrogen Is favoured to adsorb compared with silicon species: double-
bonded adsorbates are more likely to remove the reconstruction. 
In a previous paper adsorption has been studied on 31(111) [5]. A 
model has been given how to calculate the coverage of a crystal surface 
if all gas phase species are allowed to be competitive in the adsorption 
process. It could be concluded that hydrogen is the main adsórbate and 
that the concentration of growth units is between 10 and г.'ЗЛ 
depending on the supersaturation and temperature. The presence of a 
dense adsorption layer, under conditions where epitaxial growth is 
possible, as predicted by other authors [6,7], could not be confirmed. 
Unfortunately direct measurements of the surface coverage during 
chemical vapour deposition at atmospheric pressure are not available, 
yet. Experiments on the nature of the adsorbates in UHV [8,9] are 
valuable but extrapolation to conditions normally applied in CVD is not 
straightforward. 
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In this paper at first the gas phase composition is calculated for 
minimal and maximal supersaturation. The adsorption constants needed to 
calculate the surface coverage are evaluated in appendix A. Then 
adsorption is discussed for a (100) surface with two dangling bonds at 
each site: the broken bond model. It will be shown that this model 
inevitably leads to an unrealistic high coverage of growth species. 
Reconstruction of the bare surface, which is subsequently assumed, 
results in much lower surface coverages, which are in better agreement 
with the experimentally observed step growth [10]. Under conditions 
where epitaxial growth is found, the surface reconstruction is hardly 
removed, mainly small amounts of hydrogen are attached to the dangling 
bonds not Involved in the dlmerlzation. Linked with this equilibrium 
model a kinetic theory is developed based on the assumption that a 
growth unit is preferably attached adjacent to another double-bonded 
silicon species in the direction of the dimer bond. This explains that 
because of the (2x1) reconstruction the silicon surface no longer is a 
kinked, but becomes a stepped face. As silicon possesses a fourfold 
screw axis perpendicular to (100), the dlmerlzation in the succeeding 
layer Is rotated 90°. This effectively results in a (100) surface which 
appears to be flat and step growth, as well as square facets, are likely 
to be observed. 
2. Adsorption on an unreconstructed (100) surface 
2.1. Model 
In a previous paper a model to calculate Langmuir chemisorption has 
been discussed [5]¡ the silicon surface is in chemical equilibrium with 
the gas phase containing all kind of Si-Η species. Each gas phase 
species reacts with a free silicon surface site (*) to an adsorbed 
speclesj e.g. for SIH2: 
(i) SiH2 + .:siH 2* K a d > S i „ 2 . ¿ i g ^ 
The equilibrium constant К
а ( 1 і д І Н 2 re la tes the r e l a t i v e concentration of 
adsorbed SÍH2 (OsiHj) a n d vacant s i t e s (Ovac^ t o t t l e par t ia l pressure of 
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SiHj in the gas phase. This leads to the familiar Langmuir isotherm if 




 PS1H 2 
1 + Σ K
a d p l Pi 
1 
Fig. 1 A) Bare broken bond SIOOO) surface 
π An adsorption s i t e consisting of two dangling bonds 
belonging to different s i l i con atcms. 
B) Broken bond surface covered with s i l icon species, Η and HK. 
Every adsorption s i t e consists of two dangling bonds, directed 
towards each other and making an angle of 35° with the crystal surface, 
If the broken bond model is applied for a (100) surface; f ig. 1A. The 
poss ibi l i ty to form two bonds permits the accommodation of two Η atoms 
in one s i t e [ 8 ] . Sil icon species on the other hand are so large that 
per s i t e only one adsórbate can be present; f ig . IB. So in contrast 
with a (111) surface the action of a free surface s i t e will depend on 
the nature of the adsorbates, I . e . for Η eq. (1) must be extended with: 
(3) H* + Η i н*н Ouu нн 
•WH - еіГРЙ " K
ad>„ а с Рн
2 
Assuming that the two Η atoms do not interact mutually, when they are 









1 + Σ " a d , ! Pi + Kad.HH Р н 2 
i 
K
ad,HH - (Kad,H> 
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Note that the Langmulr isotherm now is no longer linear in hydrogen 
pressure. H plays a role in two equilibria; adsorption of two H atoms 
per site is favourable to only one, if K
a d H P H > 1 (or ц > ас^ > 
which corresponds to low temperatures or high pressures of hydrogen [8]. 
Using eqs. (2) and (4) the coverage of a crystal surface can be 
calculated if the equilibrium constants for adsorption and the partial 
pressures in the gas phase are known. 
2.2. Gas phase composition 
The partial pressures of the gas phase species in contact with the 
surface are determined assuming equilibrium [1,5]. Depending on the 
rate determining step in the process two limiting situations can be 
considered: 
(1) Heterogeneous equilibrium: between gas phase and solid silicon 
equilibrium is established, the supersaturation (Ду) of the gas phase is 
zero. The gas phase composition is only determined by temperature and 
pressure. The supersaturation of silicon introduced in the reactor is 
fully needed to overcome the diffusion barrier, the CVD process is mass 
transport limited representing the growth of epitaxial silicon at high 
temperatures. The concentrations of growth species at the surface are 
in principle at the lower limit, being in equilibrium with silicon. 
(2) Homogeneous equilibrium [11]: only internally the vapour phase is 
equilibrated. There is no contact with solid silicon; the silicon 
content in the gas phase is equal to the input value. Ду of the gas 
phase near the crystal surface is maximal, it is all needed to diffuse 
growth species, over the crystal surface, to step or kink sites, where 
the incorporation, which is probably rate limiting [12], occurs after a 
chemical reaction. The growth of polycrystalline silicon at low 
temperatures is represented by this assumption. In this case the upper 
limit of the concentrations of growth species in the gas phase and at 
the crystal surface is calculated. 
In fig. 2a the composition of the gas phase using the heterogeneous 
equilibrium assumption is given. The thermodynamic data used to perform 
the calculations have been discussed in the paper on Si(111) [5]. The 
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gas phase mainly consists of H2. only at very high temperatures the 
radical H is formed in appreciable amounts. The efficiency of the 
silicon deposition is high, about 99.99Ï when an input of 1Í SiHi) in H2 
is used, because in equilibrium the silicon content of the gas phase is 
only 10 . Of the unreacted si lane a large part will be decomposed to 
SiHg only at very high temperatures. 
800 Ю0О 1200 1400 1600 МО Ю00 1200 1400 1600 
Т(Ю τ (К) 
Fig. га Fig. гь 
Gas phase canposlt lon of the Sl-H system Gas phase composition of 1Í SIHjj In Hj 
as a function of temperature, using аз a function of temperature, using 
the heterogeneous equilibrium hypothesis, the homogeneous e q u l l l b r l m hypothesis, 
at 1 atm t o t a l pressure. at 1 atm t o t a l pressure. 
Fig. 2b represents the homogeneous equilibrium mixture of 1$ SiHij in 
Hg· When the silicon introduced in the system is not able to react to 
solid silicon, the silicon content of the gas phase is increased by more 
than three decades. The partial pressures of S1H, SÌH2, SÌH3 and SiHi) 
are increased almost proportionally; the influence on SÌ2H6, SÌ2 and SÌ3 
Is evidently more drastical, resulting in the dominance of Sij over SÌH2 
at high temperatures. This clustering of silicon is in fact the onset 
of the formation of solid silicon, homogeneous nucleation caused by the 
enormous supersaturation. At low temperatures little silane will be 
decomposed and the concentration of silicon radicals is low, despite the 
high silicon content of the gas phase. 
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2.3. Adsorption constants 
The equilibrium constants for adsorption are calculated using a 
о 
chemical approach. In principle the standard enthalpy (aa¿) and entropy 
о о 
of adsorption (S
a(j), constituting the Cibbs free energy (Ga(j), are 
evaluated from known thermochemical data and statistical thermodynamics. 
(5) HT m K
a d = -mad + Τ àS°a<i 
In a previous paper [5] the determination of the adsorption constants of 
Si-Η species on a (111) surface is extensively studied. They are 
discussed in appendix A for an unreconstructed Si(100) surface. The 
resulting enthalpy gain, entropy loss and adsorption constants are 
presented in table 1. 
Table 1 










( k c a l / m o l ) 
- 7 0 . 9 
- 1 0 5 . 4 
- 1 1 0 . 3 
- 1 0 9 . 1 
- 1 0 9 . 2 
- 1 1 1 . 9 
- 5 5 . 1 
¿Sad 
(cal/raol·Κ) 
- 2 9 . 9 
- 3 2 . г 
- 5 0 . 5 
- 5 2 . 0 
- 1 3 . 0 
- 5 0 . 0 
- 3 9 . 5 
l o g K
a d 
И.5И 
9 . 1 2 
6.17 
5.67 
7 . 6 6 
6 . 5 6 
- 0 . 0 2 
All the silicon radicals, apart from SÍH3, are able to form two bonds 
with the surface. Energetically this is by far more favourable than 
single-bond adsorption: the extra enthalpy gain, 54 kcal/mol, is by far 
not compensated by the extra entropy loss (at most 14 cal/mol-K). This 
results in adsorption constants for double-bonding, which are more than 
6 orders of magnitude higher at 1400 K. Therefore the coverage with 
single-bonded silicon species will be negligible. 
Hydrogen adsorption is, apart from the possibility of twofold 




Fig. За represents the coverage of a Si(100) surface in the broken 
bond approximation, in equilibrium with a "heterogeneous" gas mixture 
(fig. 2a); the adsorption constants at 1400 К are presented in table 1. 
It is striking that the surface is almost fully covered with growth 
species, the concentration is more than 5 orders of magnitude higher 
than on a Si(111) surface. 0$щ? is more than 0.9 until 1170 K, 
diminishing rapidly at higher temperatures. If Τ > 1375 К Si bécanes 
the principal adsórbate. Si is, compared with SÍH2, far more important 
on a (100) than on a (111) surface. This is caused by the removal of 
the possibility to rotate for SÍH2 on (100), which raises the entropy 







800 Ю00 1200 1400 1600 
T(K) 
Fig. 3a Coverage of a broken bond S i d 00) surface, In equilibrium 
with a "heterogeneous" gas phase at 1 atm total pressure, 
as a function of temperature. 
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' 
In the temperature range of 800 to 1600 К зі^ ас i s almost 
constant; K
a d (si Psi
 h a 3 о п 1
У
 a 3 m a 1 1
 temperature dependence. Since 
Si(100) is a rough, kinked, face in the broken bond model, the enthalpy 
needed to remove a silicon atom out of a perfect surface, which is 
related with P
s l, is exactly counteracted by the gain achieved when a 
silicon atom is attached to the surface. So the Gibbs free energy is 
minimal when the configuration entropy is maximal: Ovac " $і· However 
the motion of Si on the surface, I.e. vibration, is less restricted than 
in the bulk, therefore the entropy contribution for adatoms is at 1400 К 
16.5 cal/mol-K, instead of 13.5. So зі/ ас і э slightly higher than 1, 
namely 2, increasing a little with temperature. 
Hydrogen is not able to compete effectively with the silicon species, 
although it is also able to react with the two bonds available per 
Q 
adsorption site. The equilibrium constant K
a d >HH (
10 a t 1
^
0 0 K ) l s 
comparable with ^¿,51 (3»109), however the quadratic dependence on Рн 
makes an effective adsorption impossible. Until 1100 К it is favourable 






β00 Ю00 1200 1¿00 1600 
Τ (К) 
Flg. ЗЬ Coverage of a broken bond Sl(IOO) surface, in equilibrium 
with a "homogeneous" mixture of 1Í ЗІНц in H2 
at 1 atm total pressure, as a function of temperature. 
' 
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A gas mixture of 1$ SiHi) in Hj, which is in homogeneous equilibrium, 
of course does not give a significant increase in the total coverage, 
fig. 3b, since the surface Is already fully covered with growth species 
at zero supersaturation. Because of the much lower concentration of 
vacant sites, hydrogen Is only present on the surface in very small 
amounts! at most 10 . SI2 and SÌ3 become relatively more Important 
compared with a "heterogeneous" gas phase, but despite the high Psi,. 
because of the higher entropy loss and temperature correction, SI3 is 
still less abundant on the surface than SiHj. 
Compared with Si(lll) it Is most striking that instead of hydrogen, 
SiHj and Si are the dominating adsorbates on Si(IOO). At first sight 
this difference could be considered a matter of semantics. As (100) is 
a rough surface in the broken bond approximation, a silicon adatom is 
bonded identically to the surface as a surface atom to the bulk. Two 
adatoms, neighbouring in the direction of their dangling bonds, form one 
new surface site. Therefore, in such a site, the hydrogen atoms of two 
neighbouring SiHg* are indistinguishable from *HH*. This view, though 
correct, is limited as it is a static, momentary one, neglecting the 
processes preceding the final state. 
In this study the growth of a silicon surface is of interest, which 
means that the equilibrium situation is used to gain knowledge on the 
dynamics of the process. Especially the tendency of a gas phase species 
to adsorb, is important in a discussion of the growth kinetics. So, not 
only the final situation is important, but also the way this is 
achieved. Therefore the Langmuir model is used, as this implies that 
the state before and after equilibration is well-defined; an initially 
bare surface is covered to not more than a monolayer. The composition 
of the adsorption layer is a measure for the relative probability of the 
different species to adsorb on the surface, for given partial pressures 
in the gas phase. The monolayer coverage gives also information on the 
behaviour to be expected for further outgrowth. If the coverage with 
growth species Is high, the area of "new" surface is large and the 
growth becomes rough, as the ratio of new to original surface is high. 
In this dynamic view a (111) surface is eager to attract H, whereas 
on (100) preferentially SÌH2 and Si, which are growth species, will be 
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adsorbed. On (111), rough growth is improbable, because of the low 
concentration of growth species. Instead, silicon species are likely to 
diffuse over the surface to steps and kink sites, where they can be 
incorporated: step growth. On a (100) surface, in the broken bond 
model, the concentration of growth species is so high that two 
dimensional nucleation will be very easy and normal, rough, growth will 
be observed. The adsorbed growth species are bonded very strongly and 
will have little tendency to move over the surface. Experimentally 
however it is observed that on (100) as well as (111) surfaces growth 
species diffuse to steps [10,13]. So in contrast to the results for 
(111), the present adsorption calculations conflict with crystal growth 
experiments and a better model to describe the (100) surface must be 
looked for. 
Of course it is not really surprising that for a surface which is 
rough, step growth is concluded to be unlikely. Yet the calculations on 
the broken bond surface have their value as they act, in this study, as 
starting point for the quite complex calculations on a reconstructed 
surface. The model which will be derived in section 3.3 baslcly uses 
the broken bond model; a correction is applied to calculate the coverage 
of a reconstructed surface. 
3. The effect of surface reconstruction on adsorption 
3.1. Reconstruction energy 
In UHV a (2x1) LEED pattern is commonly observed for a bare Si(IOO) 
surface [3], which is best described by the buckled dimer model [ΙΌ. A 
multiple bond is formed, with a bond order of -1,4, between two silicon 
atoms, which are subjected to Jahn-Teller distortion¡ one of the silicon 
atoms has moved out of the surface and is negatively charged, the other 
is displaced inwards and is positive; fig. ЧА. On the basis of 
minimization of Hellmann-Feynman forces it has been calculated that this 
(2x1) reconstruction stabilizes the surface 39 kcal/mol dimer [15]. A 
cluster model however indicates only a stabilization of 26 kcal/mol 
[16]; if subsurface relaxation is taken Into account 35 kcal/mol dimer 
has been reported [17]. On the basis of these results the 
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reconstruction enthalpy i s chosen to be 30 kcal/mol dlmer in the present 
paper. As will be shown in the discussion, the general picture of 
adsorption on (2x1) reconstructed Si(100) does not depend on the exact 
choice of the reconstruction energy. 
L i t t l e i s known about the loss of entropy. In tu i t ive ly i t i s 
expected that formation of an extra bond diminishes the motion of the 
surface atoms, resul t ing in a lower vibrational entropy. In contrast 
Mönch [3] reported that the mean square displacement, in other words the 
motion, i s larger for a (2x1) reconstructed than for a (1x1) truncated 
surface. The Debye temperature i s 240 К for the former surface and 
480 К for (1x1) resul t ing in an entropy which i s 4 cal/mol-K larger for 
the (2x1) s t ructure at 1400 К [18]. The entropy difference, whatever i t 
real ly i s , will be re la t ive ly unimportant compared with the large 
0 
AHreconstr· So» i n view of the large uncertainty in ΔΗ , in our 
о 
calculations ΔΟ of the t rans i t ion (2x1)+(1x1) will be taken equal to 
0 
ΔΗ : 30 kcal/mol dimer. 
I t should be realized that for a bare Sl(IOO) surface, reconstruction 
is stable up to the melting point. This can be understood as follows. 
For a (2x1) dlmerized surface the vibrational entropy i s at l eas t 
14.8 cal/mol-K at 1685 K: the entropy of the bulk [19]. (Since surface 
atoms are only bound to three neighbours instead of four, the motion i s 
less r e s t r i c t e d and thus SVjti will actually be greater than in the 
bulk.) The vibrational entropy for an unreconstructed surface i s at the 
melting point, 1685 K, 15.5 cal/mol-K (TD - 480 K). In t h i s case also 
the electronic levels of the two dangling bonds contribute 2.7 cal/mol-K 
to the entropy. So reconstruction resu l t s In an entropy loss of at most 
3.4 cal/mol-K and an energy gain which i s at l eas t 24 kcal/mol at the 
melting point. 
This shows that surface reconstruction seriously has to be considered at 
the higher temperatures which are normal for chemical vapour deposition. 
In the gas phase radica l s are present which can adsorb and may break the 
dimer bonds. However the tendency to adsorb is greatly reduced since 
the reconstruction energy must be raised by the adsorbing species. 
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3.2 Nature of adsorption s i t e s 
"| 
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Flg. 1 A) Uncovered (2x1) reconstructed (100) surface with buckled dimers 
B) Adsorption of Η on о s i t e s 
C) Adsorption of Η on β s i t e s (and simultaneously on α s i t e s ) 
D) Adsorption of s ingle- and double-bonded s i l i c o n on α s i t e s 
E) Adsorption of double-bonded s i l i c o n on а β s i t e 
In figs. 4 and 5 schematically the structure before and after 
adsorption is depicted. As discussed, for energetic reasons, the 
surface will reconstruct in the absence of Interactions with gas phase 
species, at all temperatures. This results in two different adsorption 
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sites, one, α, consisting of two dangling bonds, the other, 0, 
containing a dimer bond; figs. t-SA. An α site is, for single-bonded 
adsorbates, comparable with an adsorption site in the broken bond model: 
it also consists of two dangling bonds. However they differ 
considerably, one is protruding and has a high electron density, the 
other has a very low density and is difficult to access for an 
adsórbate, since the silicon surface atom, from which it is an orbital, 
is retroceded. A $ site consists of a dimer bond, which has to be 
broken upon adsorption. Then the surface has locally a broken bond 
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Fig. 5 Top view on a reconstructed (100) aurface covered Identically 
за f ig . 1. Clearly Із іЫе Is the (2x1) periodicity along the 
[011] and [Ol ì ] axes resulting in a one-dimensional adsorption. 
Hydrogen adsorbs preferably on α sites (fig. IB), for at low exposure 
or elevated temperatures a (2x1)H structure is observed, indicating that 
reconstruction still Is present. If two hydrogen atoms are attached to 
a dimer bond, the Jahn-Teller distortion is removed in favour of optimum 
bond lengths and angles, resulting in symmetrical dlmers [8,20,21]. At 
low temperatures or high exposure a (1x1)2H structure is observed. Then 
hydrogen also adsorbs on $ sites and breaks dimer bonds; fig. ЧС. 
Silicon radicals can attach to an α site and form only one bond, as 
on a (111) aurface; fig. ID. As opposed to a "broken bond" surface, 
formation of a second bond is not likely at low silicon coverage. As 
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indicated on the right-hand side of f ig . ID, t h i s will r e su l t in 
breaking of two dimer bonds. This is because a double-bonded adsórbate 
connects two adjacent s i l i con surface atoms, causing them to move away 
from the i r other s i l i con neighbours towards t h e i r "bulk posi t ion" . Thus 
the overlap with the dangling bonds of those atoms i s not effect ive 
anymore and the two dimer bonds of the adjacent В s i t e s wil l be broken. 
This means that at low s i l i c o n coverage double-bond adsorption wil l 
occur only at 0 s i t e s . Only 1 dimer bond i s broken and loca l ly the 
(2x1) reconstruct ion i s destroyed; f ig. ΊΕ. An analogous preference for 
adsorption on а В s i t e i s found for the r e a c t i o n of N2O with Si(100). 
The dimer bond i s broken and the double-bonded oxygen i s in a bridging 
pos i t ion between two surface Si atoms [ 2 2 ] . 
З.З Adsorption energy 
The adsorption constants for a reconstructed surface can be 
calculated using the broken bond model, if a correct ion i s applied for 
the broken dimer bonds. The attachment on β s i t e s i s ident ica l for a l l 
species : one dimer bond must be broken. For о s i t e s a d i s t i n c t i o n 
should be made between s ing le- and double-bonded adsorbates . 
As shown in f ig s . ЧВ and ID adsorption of single-bonded s i l i c o n and 
hydrogen hardly affects the s t a b i l i t y of the adjacent dimer bonds. In 
case of adsorption on both s ides of a dimer bond, i t i s known that the 
Jahn-Teller d i s t o r t i o n i s removed. Since t h i s costs only 6 kcal/mol 
[15,16], which i s small compared with the reconst ruct ion energy of 
30 kcal/mol, t h i s correct ion i s not taken in to account. Although i t i s 
expected that a s ing le bond i s l e s s s tab le than on Si(111), because of 
the neighbouring dimer bond, in a f i r s t approximation, adsorption of 
single-bonded species on α s i t e s can be t r e a t e d as on Si(111). The 
r e s u l t s on t h i s surface ind ica te that hydrogen i s far more important 
than s i l i c o n [ 5 ] , so in the subsequent discussion the hydrogen coverage 
on a s i t e s wil l be taken equal t o the t o t a l coverage with single-bonded 
adsorbates. I t should be r e a l i z e d though, t h a t single-bonded s i l i c o n i s 
negl ig ib le in ca lcula t ing the equilibrium coverage, but es sent ia l ìn a 
descript ion of the c rys ta l growth process. 
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Adjacent to double-bonded s i l i c o n no diraer bond can be present. 
Therefore, in contras t to single-bond adsorption, a mutual influence of 
double-bond adsorption on α s i t e s on the s t a b i l i t y of adjacent S s i t e s 
will appear. So instead of dimensionless in space - I t i s inherent to 
the Langmuir model that a l l a l l adsorption s i t e s are equal and 
independent of each other - adsorption of double-bonded species becomes 
one-dimensional. Due t o the reconstruct ion, now in the [Oi l ] d i rect ion 
an in teract ion i s present, which makes the attachment of adsorbates 
coherent in one d i r e c t i o n . Therefore the surface can be thought to be 
composed of independent s t r ings of a l t e r n a t i n g a and S s i t e s , for whom 
the adsorption i s connected (fig. 5 ) . This poses great d i f f i c u l t i e s for 
the ca lculat ions on a reconstructed surface. If the surface i s ful ly 
covered with s i l i c o n adsorbates, on the average they break half of a 
diraer bond, whereas for a bare surface, each s i l i c o n adsorbed on an 
a s i t e breaks two bonds. Thus the energy gain of double-bonded 
adsorbates on α s i t e s i s in fact a function of the coverage of В s i t e s 
and vice versa, r e s u l t i n g In complex equat ions. However In view of the 
large uncertainty in the reconstruct ion energy, the model i s s implif ied 
as far as meaningful. 
Essential in the calculat ions i s that the reconstruct ion energy i s 
divided over a l l the adsorbates involved in the breaking of a p a r t i c u l a r 
dimer bond. This can be done s ince the crys ta l surface i s in 
equilibrium with the gas phase. Then the calculated surface coverage 
depends only on the t o t a l energy difference between the covered and the 
bare surface. I t i s i r re levant whether the breaking of a dimer bond i s 
raised by the adsórbate on the S s i t e , or by i t s a-neighbours, or a l l 
the adsorbates on the surface. This in contras t with a k inet ic view, 
where in p r inc ip le one adsórbate causes the breaking of the dimer bond 
and must overcome an energy ba r r i e r . In an equilibrium approach one 
must be careful to divide the reconstruct ion energy in a correct way 
over different spec ies . In th i s respect a d i s t inc t ion has to be made 
only between s ing le - and double-bonded species ; henceforth indicated as 
hydrogen respect ively s i l i con . As was shown in the preceding paragraph 
they adsorb d i f fe ren t ly on о s i t e s . 
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I t i s a major problem in the calculat ions that the average number of 
dimer bonds broken per adsórbate, which i s determined by the r e su l t i ng 
coverage, must be used in the input аз the correct ion to the broken bond 
model. To avoid an i t e r a t i v e procedure the coverage i s calculated for 
well-defined l imi t ing s i t u a t i o n s only. This means that beforehand in 
the ca lculat ions a spec i f ic surrounding i s assumed for an adsorption 
s i t e , which allows determination of the reconstruct ion correct ion and 
thus makes i t possible to compute K
ac
j for the dif ferent adsorbates. Of 
course the " r e a l " environment of an adsórbate can deviate from the 
choosen one. I t i s conceived that the average surrounding - hence the 
" rea l" coverage - i s a combination of l imi t ing s i t u a t i o n s . 
In pr inc ip le for α and 8 s i t e s a l imi t ing s i t u a t i o n i s reached when 
they are completely covered with hydrogen or s i l i c o n or completely 
empty. This r e s u l t s in 9 l imit ing condit ions if a and S s i t e s are 
considered to be independent. However, four s i t u a t i o n s are impossible: 
Si on о or 8 s i t e s and vacant neighbouring 8 respect ive ly a s i t e s - if 
a l l dimer bonds are broken obviously the whole surface will be covered 
with s i l i c o n -; H on 8 s i t e s and α s i t e s bare or covered with s i l i c o n , 
since hydrogen prefers t o adsorb on α and s i l i c o n on 8 s i t e s . 
Energetical ly only three conditions are r e a l l y d i f fe rent , as indicated 
in tab le 2. One l imi t obviously is a surface completely covered with 
s i l i c o n ( I ) . A second one t h a t the о s i t e s wil l be covered with 
hydrogen and the dimer bonds of the 8 s i t e s are broken by adsorbed 
s i l i c o n or hydrogen ( I I ) . In the l a s t l i m i t ( I I I ) the reconstruct ion 
will be completely preserved, so the surface wi l l be bare, or i t might 
be that the α s i t e s are covered with hydrogen. 
Table 2 
Energy correction due to the reconstruction of Sl(100) (kcal/mol) 
. I I I I I I 
S i e S l e НдСЗІ.Юв (H,Vac)0Vac8 
0 0 0 
15 20 60 
15 30 30 







In tab le 2 the correct ion terms are given for adsorption of s ingle-
(-H) or double-bonded (>Si) species on an α or В s i t e for these three 
l i m i t i n g s i t u a t i o n s . For the attachment of Η on о s i t e s , the f i r s t row 
of tab le 2, no energy correction has to be applied, because adsorption 
of hydrogen on α s i t e s does not influence the s t a b i l i t y of the adjacent 
dimer bonds. In general, for a l l l imi t ing as well as intermediate 
coverages, the adsorption energy of single-bonded species on α s i t e s 
should never be corrected for the removal of the reconstruct ion and i s 
the same as on a (111) surface. For the adsorption of double-bonded 
s i l i c o n on о s i t e s the following correct ions can be deduced. If the 
environment of an о s i t e can be described with l i m i t I ( S l
a
S i g ) , an 
energy correct ion of 15 kcal/mol can be credited to a s i l i c o n adsórbate, 
since on the average half of a dimer bond i s broken. If s i l i con i s 
attached to an α s i t e , which has a surrounding resembling l i m i t I I 
(НдСЗі.Юр), the reconstruct ion energy can be shared with the two 
adsorbates on the β s i t e s , so on the average two t h i r d of a dimer bond 
i s broken (20 kcal/mol). If the reconstruct ion i s s t i l l i n t a c t . I I I 
((H,Vac)
a
Vacjj), s i l i c o n adsorption on an о s i t e wil l be at the expense 
of two adjacent dimer bonds (60 kcal/mol). 
I » II 
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Flg. 6 Nimber of broken dimer bonds used In the calculations, 
starting frcm a bare surface (0), per adsórbate 
in one of the three different limiting environments. 
HI 
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Adsorption of double- and single-bonded species i s equal at β s i t e s : 
for both the dimer bond had t o be broken t o allow adsorption. Now only 
two l i m i t i n g surroundings can be dist inguished: α s i t e s covered with 
s i l i c o n ( I ) , or e i ther with hydrogen or bare ( I I and I I I ) . In the f i r s t 
s i t u a t i o n on the average half of a dimer bond i s broken (15 kcal/raol) in 
the l a t t e r the adsórbate on the В s i t e must r a i s e the fu l l energy of a 
dimer (30 kcal/raol). For β s i t e s a surrounding I I or I I I leads t o the 
same energy correc t ion, so in the following both s i t u a t i o n s are 
indicated with В ц . 
In f ig . 6 the number of broken dimer bonds per adsórbate and the 
pos s ib i l i t y to divide the extra energy over more species I s 
schematically indica ted . In t h i s figure an environment I for α s i t e s i s 
indicated with αχ. For the other l i m i t i n g s i t u a t i o n s analogous 
expressions are used. 
For the adsorption ca lcu la t ions i t i s assumed t h a t adsorbates on α or 
В s i t e s , feel an environment which can e i ther be described by I , I I or 
I I I ; neglect ing a l l intermediate s i t u a t i o n s . This means that only the 
local surrounding of an adsorption s i t e i s taken i n t o account In the 
determination of the standard adsorption energy gain for a speci f ic 
species; a mean-field approximation. In the approach followed here, for 
adsorption on an α s i t e only the coverage of the adjacent β and 
subsequent α s i t e s Is considered (in the d i r e c t i o n of the dangling 
bonds). For the adsorption on В s i t e s i t i s assumed that only the 
coverage of the adjacent α s i t e s i s s i g n i f i c a n t . So the adsorption on α 
аз well as on ß s i t e s can be described as a l inear combination of the 
l imi t ing environments: 
(6)
 1>01 - к Qltai + 1 1 і а і І + m 1 > а і І І 
Θΐ,Β *
 η θ 1.Βι + Ρ і . В ц 
к i s the probabi l i ty that adsorbates on α s i t e s have a surrounding 
resembling s i t u a t i o n I . This chance i s assumed t o be equal to the 
product of the t o t a l coverage of the β s i t e s and the t o t a l s i l i con 
coverage of the α s i t e s : the probabi l i ty that the adjacent β s i t e s are 
covered and the subsequent α s i t e s contain s i l i c o n . This assumption 
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implies that instead of {^tot β ^Si αϊ > t h e simpler expression 
^tot β ^Sl,a 1 з used in the ca lcu la t ions . This approximation i s 
j u s t i f i e d for a probabi l i ty nearly equal to one. I t should be 
remembered t h a t only l imi t ing s i t u a t i o n s are used in the present 
ca lcu la t ions . Because of t h i s approximation the occurence of each l i m i t 
is exaggerated, however as they are mixed again l a t e r , the intermediate 
coverage wil l not deviate much from a ca lcu la t ion where a l l poss ible 
intermediate s t a t e s also have been taken into account. Following the 
same model, 1 i s the probabi l i ty that о s i t e s are vacant or contain 
hydrogen and В s i t e s are covered, m that В s i t e s are vacant, η that 
a s i t e s are covered with s i l i c o n and ρ the chance that a i s vacant or 
f i l l e d with hydrogen. 
Table 3 
Log K

















- 0 . 0 2 








- 0 . 0 2 




- 3 . 1 9 
- 3 . 7 0 
- 1 . 7 1 
- 2 . 8 1 









- 2 . 3 6 
β ι ι 







- 4 . 7 1 
The ca lcu la t ion of the " r e a l " coverage wil l proceed In the following 
way. S t a r t i n g from a bare surface a t f i r s t the par t i гй coverages of the 
α and В s i t e s are calculated assuming one of the three possible 
surroundings. Each environment has a dif ferent correct ion t o the 
adsorption energy, as derived for the broken bond model, depending on 
whether the adsorbates are s ingle- or double-bonded. In tab le 3 the 
equilibrium constants , for the double-bonded s i l i c o n species and 
single-bonded hydrogen, needed to perform these ca lcu la t ions are 
presented. With the r e s u l t s of these five c a l c u l a t i o n s , α ϊ , о ц , ащ, 
Bj and Вц (equal to В щ ) · I t i s possible to determine the belonging 
weight factors k,l,ra,n and p. This I s possible because these five 
unknown parameters are given by the following f ive r e l a t i o n s . If the 
p a r t i a l coverage Е >зі in the a j l imi t i s ca l led a, b for а ц and с for 
8 3 
αΙ Ι Ι
 a n c l t t l e
 coverage of s i l i c o n plus hydrogen i s d for Щ and e for 
Oil» i t can be derived that the following r e l a t i o n s are va l id : 
(7) к - η (nd + pe) 
к + 1 + m - 1 
1 - ρ (nd + pe) 
η - ka + lb + me η + ρ - 1 
After ca lcu la t ion of k-p, these can be used in eq. ( 6 ) , together with 
a-e, t o determine the " r e a l " composition of the adsorbed layer on a 
reconstructed (100) surface. 
3.4 Coverage of a reconstructed (100) surface 
400 600 800 1000 1200 1400 1600 
T ( K ) 
Fig. 7a Partial coverage of the α sites of a (100) surface, In equilibrimi with 
a "heterogeneous" gas phase at 1 atm total pressure, as a function 
of temperature for the three different limiting environments. 
βι-llmlt on-llmlt am-llmlt 
The p a r t i a l coverages of the α s i t e s are calculated using the data of 
tab le 3 and f ig . 2a and depicted In f i g . 7a for the three l imit ing 
envirorments: αχ, а ц and а ц і . Si l icon species appear to be present 
only in f a i r amounts, -0.3 from 100 t o 900 K, if the neighbouring β and 
α s i t e s also contain s i l i c o n ( α χ ) . This I s a s igni f icant difference 
with the s i l i c o n coverage in the broken bond model. A further decrease 
in energy gain with 5 kcal/mol (сц-мц) already r e s u l t s in a negl ig ib le 
s i l i c o n coverage, i l l u s t r a t i n g the s trong dependence of the surface 
coverage on the adsorption enthalpy [ 5 ] . In t h e l i m i t I I I environment 
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for a s i t e s the coverage with double-bonded s i l i c o n species i s smaller 
than 10 , since adsorption costs the breaking of two dimer bonds. The 
composition of the adsorbed layer on t h i s reconstructed surface i s 
hardly affected by the s t a b i l i z a t i o n , only the r a t i o of double- and 
single-bonded adsorbates has changed as compared with the broken bond 
model. As long as the same energy correct ion i s used, the r a t i o of the 
coverage of the adsorbates i s not a l t e r e d . At low temperatures the 
t o t a l s i l i c o n coverage equals дін?· at high temperatures з і ( f lg . За) . 
Hydrogen complements SiHg u n t i l 800 K, the "a surface" being fu l ly 
covered with adsorbates, above 1000 К the hydrogen coverage diminishes 
and the α-vacancy concentration increases . Since the s i l i c o n coverage, 
only re levant for α ϊ , also decreases at high temperatures, above 1100 К 
the t h r e e hydrogen curves coincide. Then the coverage of the 
"a surface" i s well known and resembles that of a (111) surface: the 
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Flg. 7b Partial coverage of the В sites of a (100) surface. In equilibrimi with 
a "heterogeneous** gas phase at 1 atm total pressure, as a function 
of temperature for the two different limiting situations. 
ві-llmlt Bn-llmlt 
Fig. 7b represents the two limiting coverages of the 6 sites. The 
hydrogen coverage is very low for ßj, < 0.2%, as well as Вц, < 10 . 
Silicon is particularly eager to attach on β sites if the α sites are 
also filled with silicon species (ßj): silicon has a great tendency to 
cluster. Then the coverage is still a few percent above 1200 K, else 
silicon is only adsorbed at low temperatures, the surface being empty 
above 800 К (Вц). 
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I t can be concluded from f igs . 7a and b that hydrogen preferably will 
occupy the α positions whereas s i l i c o n , especially at lower 
temperatures, mainly i s found on β s i t e s . The difference In react iv i ty 
of о s i t e s towards double- and single-bonded reactants apparently i s 
that large that hydrogen now i s favoured above s i l i c o n . The assumption 
that single-bonded adsorbates do not influence the s t a b i l i t y of adjacent 
dimer bonds, whereas they are both broken when double-bonded s i l i con 
species are attached to an α s i t e , can dras t ica l ly influence the growth 
behaviour of a (100) surface. Adsorption of gas phase species on 
0 s i t e s i s hindered for a l l equally, so the composition of the 
"ß-surface" i s the same as in the broken bond model, only the to ta l 
coverage i s lowered. 
• I - • I 1 1 ' 
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Fig. 8 Real coverage of a reconatructed (100) surface, in equlllbrlimi with a 
"heterogeneous" gas phase at 1 atm total pressure, 
as a function of temperature. 
total coverage 
- - - - coverage with double- or single-bonded species 
Since the partial coverages in the limiting situations now have been 
determined, it is possible to proceed to the next and final step in the 
calculation of the real coverage of the (100) surface, viz. the 
determination how much each limiting partial coverage contributes to the 
actual coverage. To this end the 5 unknown coefficients k, 1, m, η and 
ρ in eq. (6) have to be calculated. This is realized by using the 
5 relations as given in eq. (7), where the parameters a, b, c, d and e 
actually stand for the silicon curves as given and indicated in figs. 7a 
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and b. As depicted in fig. 8, at ΊΟΟ К the β sites are fully covered 
with SÌH2, irrespectively of their surrounding. Since the silicon 
-Ц 
coverage in the a n - l i m i t (b) appears to be very low (7»10 ), not 
compensated by a high one for αϊ (a) , i t can be shown using eq. (7) that 
the α s i t e s are mainly f i l l e d with hydrogen. This resu l t s in a l imit I I 
environment for α as well аз fl s i t e s : 1 and ρ - 1. As for g s i t e s Вц 
energetically equals б ц і , the coverage can be described at a l l 
temperatures by йц. The ß s i t e s are either empty or f i l l ed with 
s i l i con , the hydrogen coverage being negl ig ible . Related with the 
rapidly increasing vacancy concentration on 0, the surrounding of the 
α s i t e s changes from l imit II to l imit I I I (1+0, m->1 ) . Since both 
environments r e s u l t s in nearly the same coverage on a s i t e s , a (100) 
surface seems to consist of two types of independent s i t e s . For a l l 
temperatures α s i t e s are mainly f i l l e d with single-bonded adsorbates 
(HH, Η and a tiny fract ion of s i l icon) and double-bonded s i l i con species 
are almost absent, so the coverage of В s i t e s i s not re la ted to that of 
α s i t e s . The a coverage nearly equals that of a (111) surface, since 
only single-bonded species are adsorbed. At very low temperatures 
β s i t e s contain SiHj, however the coverage decreases rapidly above 500 К 
( В ц ) . If Τ > 800 К the $ s i tes are empty and the resemblance with 
(111) now applies to the whole (100) surface. At 1400 К the coverage 
with double-bonded s i l icon, on В s i t e s , i s only 1x10 , j u s t s l ight ly 
higher than on Sl(111). The hydrogen coverage (HH + H) Is 0.08 on 
(100), comparable with 0.14 on (111); the coverage with single-bonded 
s i l i c o n , adsorbed on α s i t e s , is 10 [ 5 ] . I t should be noticed that 
with respect to the α or В s i tes only, the (100) values as presented 
here should be doubled. 
The r e s u l t s show that if reconstruction i s taken into account, at low 
supersaturation, the s i l icon coverage i s diminished enormously. So the 
probability of two adjacent s i l icon species with dangling bonds pointing 
towards each other - a nucleus on (100), аз t h i s forms a new surface 
s i t e - has become so low that two dimensional nucleation, which was very 
probable in the broken bond model, becomes unlikely. Now s i l i con 
species are able to diffuse, preferent ia l ly via α s i t e s , to s teps . 
Since the coverage of α s i t e s i s comparable with the coverage on a (111) 
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Flg. 9а Partial coverage of the α sites of a (100) surface, 
in equilibrium with a "hcnogeneous" mixture of 1Í SlHi) in Hj 
at 1 atm total presaure, as a function of temperature, 
for the three different limiting envlroments. 
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Flg. 9b Partial coverage of the б sites of a (100) surface, 
In equlllbriun with a "homogeneous" mixture of 1Í SlHii in Нг 
at 1 atm total pressure, as a function of temperature, 
for the two different limiting situations. 
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The s i tua t ion i s quite different for high supersaturations in the gas 
phase. The p a r t i a l pressures of the s i l icon species are more than three 
decades higher if 1$ ЗіНц in H2 is only in equilibrium interna l ly in the 
gas phase and of course with the adsorbed species on the crystal 
surface. This re su l t s for the α s i t e s up to I6OO К in a high s i l icon 
coverage if the β s i t e s are occupied: αϊ and а ц ; f ig. 9a. Only In the 
а ц і l imit i t i s s t i l l very d i f f icu l t for s i l i con to adsorb because t h i s 
costs two dlmer bonds, then only hydrogen is adsorbed. For the β s i t e s , 
where only the adsorption of s i l icon i s s igni f icant, the coverage i s 
Increased considerably as compared with zero supersaturation; f ig. 9b. 
For S u t ' l e t o t a l coverage with double-bonded s i l icon (E0>si) i s only 
smaller than 0.50 for Τ > 1260 К, instead of for Τ > 600 К at μ - 0 
(fig. 7b). Θ 
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Fig. 10 Heal coverage of a reconstructed (100) surface, 
In equilibrlun with a "homogeneous" mixture of 
1Í SlHn In »2 a t ' a t m t - o t a l pressure, 
as a function of temperature. 
total coverage 
coverage with double- or single-bonded species 
The greater tendency of the α and β s i t e s to be covered with s i l icon 
in homogeneous equilibrium i s ref lected in the resu l t ing coverage; 
f ig. 10. Up to 1200 К both α and β s i t e s are fully covered with s i l icon 
and the coverage can be described with 01 and ß j . The small vacancy 
concentration at higher temperatures makes a l imit I I I environment more 
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probable for α as well as for β s i t e s . The lower coverage of ß s i t e s 
r e su l t s in a greater contribution of ащ, the resu l t ing smaller s i l icon 
coverage of о s i t e s in a greater importance of В ш a n d vice versa. The 
higher hydrogen coverage on о s i t e s favours I n i t i a l l y also а ц . So the 
interact ion between о and 8 s i t e s , which i s very strong when double-
bonded s i l icon i s adsorbed, is weakened rapidly at increasing 
temperatures. 
At high supersaturations a (100) surface i s , because of the high 
coverage with double-bonded growth species, even at high temperatures, 
very sensi t ive to two dimensional nucleation. So, compared with a (111) 
surface, for (100) the probability for two dimensional nucleation 
between steps Is much higher [23]. Therefore to obtain step, instead of 
normal growth, one must always try to work in the diffusion limited 
regime, to be assured of a low supersaturation at the crystal surface. 
Only then defect free growth i s to be expected for a (100) surface. 
4. Influence of pressure on the coverage of a reconstructed surface 
I t i s known that at reduced pressures the coverage with Impurities 
can diminish d r a s t i c a l l y . The motion of growth units over the surface 
and the propagation of steps i s less hindered and fewer kink s i t e s , 
where growth takes place, are blocked. A lower coverage with 
growth units reduces the chance of two dimensional nucleation. Thus the 
c r y s t a l l i n e perfection of the layers can improve considerably and the 
temperature where growth i s monocrystalline can be lower [21,25]. 
In f ig . 11a the coverage, as calculated with eqs. (6) and (7), i s 
depicted for zero supersaturation. For a l l pressures the a s i t e s only 
contain hydrogen and the 0 s i t e s only s i l i c o n . The shape of the curves 
i s s imilar to fig. 8. At low temperatures the α s i t e s are fully 
covered, so the coverage of the β s i t e s i s 2 * ( 0 t o t _ 0 , 5 ) · The s i l icon 
coverage i s reduced dras t ica l ly at lower t o t a l pressures. When the 
hydrogen coverage of the α s i t e s s t a r t s to decrease, the В s i t e s are 
already empty. Proper crystal growth i s to be expected when the 
hydrogen coverage comes below 10Ϊ [5], the exact value depending on the 
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Flg. Па Real to ta l coverage of a reconstructed (100) surface, 
In equi l ibr ino with a "heterogeneous" gas phase, 
as a function of temperature for different tota l pressures. 
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Fig. l i b Real to ta l coverage of a reconstructed (100) surface, 
In equl l ibr lun with a "homogeneous" equilibrium mixture 
of 100І SlHn I f P t o t < IO"2 atm and with 
SlHu In H2, PSJHH - IO"2 atm, for P t o t > 10~2 atra, 
as a function of temperature for di f ferent tota l pressures. 
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mechanism of surface diffusion and step propagation. Then the diffusion 
of growth species Is no longer seriously hindered and monocrystalline 
growth I s possible. Since α s i t e s resemble a (111) surface, the 
influence of pressure on the t r a n s i t i o n between poly- and 
monocrystalline growth i s similar for a (111) and a reconstructed (100) 
surface at zero supersaturation. 
At high supersaturations the improvement, which can be expected by 
lowering the pressure is quite dif ferent, compared with the 
heterogeneous case. At a l l temperatures the main adsórbate will be 
s i l i con instead of hydrogen, the contribution of hydrogen decreasing 
with pressure. The to ta l coverage, which nearly equals Е > З І , i s 
depicted In f ig. l i b . At low temperatures the tendency for s i l icon to 
adsorb i s so great that В and α s i t e s are fully covered. At elevated 
temperatures, too high for hydrogen adsorption to take over, the s i l icon 
coverage diminishes rapidly, strengthened by the accompanying shi f t from 
a l i m i t I to a l imit I I I surrounding for α as well as β s i t e s . At low 
pressures the drop in s i l i con coverage occurs at lower temperature so 
two dimensional nucleation, preventing step growth in layers, becomes 
less probable reducing the l imiting temperature for monocrystalline 
growth. From a comparison of figs. 11a and l ib i t i s clear that the 
t o t a l coverage i s lower and the nature of the adsorbates i s different In 
the heterogenous case. Therefore at small supersaturations epitaxia l 
growth will be possible some hundreds of degrees kelvin lower than at 
high Δμ. So i t i s also important to prevent a high supersaturation at 
low temperatures. 
The p a r t i a l pressures of the gas phase components and therefore also 
the composition of the adsorbed layer depends on the to ta l pressure. 
For heterogeneous equilibrium the curve ©si - OsiHo shif ts to lower 
temperatures at reduced t o t a l pressures, since PsiHp / pSi ί3 proportional 
t o Ptot · f l 8 · 1 2 a · A s o a n b e deduced from that figure, at high 
temperatures where monocrystalline growth i s possible, raonatomlc s i l icon 
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Fig 12 Moat important adsorbed growth species on a (100) surface, 
as a function of temperature and total pressure. 
For homogeneous equilibrium going to higher temperatures f i r s t SiH2, 
then SÌ3 and f inal ly Si is the main s i l icon adsórbate; f lg . 12b. For 
to ta l pressures smaller than io" 2 atra (100$ ЗІНц), the curve 
QSIH2 = e S l 3 i s proportional to P t o t
3
. for SiHjj, S12H6 and H2 are most 
abundant in the gas phase, resul t ing in a larger contribution of SÌ3 at 
low pressures. The t rans i t ion
 3 1 з - Osi
 h a 3 a
 pressure dependence of 
the power 2/3, since then S13 i s the principal s i l icon gas phase 
species. The shape of the curves representing equal coverage of two 
species changes for Ρ > 1 θ " 2 atm. This Is due to the varying Sl-H r a t i o 
(ÍSiHi) in H2) as can be seen when i t is taken constant (dashed l i n e s ) . 
Increasing the hydrogen percentage suppresses the contribution of S13 
considerably, herewith improving the crys ta l l ine perfection of the grown 
layers . Hydrogen reduces also the to ta l s i l icon coverage аз can 
impllcitely be deduced from fig. 11b, where the influence of the t o t a l 
pressure on the coverage becomes much smaller, when for P t o t > 10~
2
 atm 
H2 i s introduced into the system. 
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5. Crystal growth on a reconstructed (100) surface 
The equilibrium coverage as calculated in the preceding sections 
provides a good s t a r t to discuss crystal growth on a Si(IOO) surface. 
So far only a few a r t i c l e s discuss the influence of surface 
reconstruction on crystal growth [10,26-28]. An atomistic picture 
explaining the preference for growth units to diffuse to step and kink 
s i t e s , instead of st icking to the surface and forming two-dimensional 
nucle i , has not been presented yet. When the s t ructure of the surface, 
as obtained from the adsorption calcula t ions , i s used in a kinetic 
model, i t can be shown that i t i s quite obvious that steps are stable on 
a (100) surface and two dimensional nucleation improbable at low 
aupersaturat lons. 
In contrast to an equilibrium approach as used in the above given 
adsorption calcula t ions , in crystal growth i t i s also important when in 
the growth process a dimer bond i s broken or formed and which adsórbate 
i s causing i t . Start ing point for a good understanding of the crystal 
growth process must be the coverage of the crystal surface. This 
indicates the probabili ty that a s i t e i s covered with growth units or 
impurities and the tendency that they will adsorb on a specific s i t e . 
I t gives an idea about the poss ib i l i ty of surface diffusion to steps 
versus the probabil i ty for two dimensional nucleation. For the 
incorporation of the growth uni ts on step or kink s i t e s the ful l energy 
of the bonds to be broken or formed has to be taken into account, 
instead of the average energy as in the adsorption calculat ions. The 
probabil i ty that a growth uni t , which breaks for example 1 dimer bond 
upon incorporation, will at tach to a kink, i s given by the Σ0>5ΐ,|5
ττ 
curve: the coverage of double-bonded s i l i con species adsorbed at the 
cost of one dimer bond (figs. 7b and 9b). 
The model which will be presented i s based on a perfect (2x1) 
reconstructed surface. I t should be real ized that in fact regions will 
exist where the (2x1) pattern i s alternated with areas with for example 
a (2x2) or a (1x2) s t ruc ture . They are a l l based on asymmetric dimers, 
only the ordering i s di f ferent. For the model i t has basicly no 
consequences, only the regular i ty is affected. The dimerizatlon of the 
surface i s in the subsequent discussion taken in the [011] d i rect ion. 
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5.1 Surface diffusion 
On a reconstructed (100) surface the coverage i s low at zero 
supersaturation and high temperatures, so growth can proceed via 
diffusion of single- and double-bonded s i l icon species t o steps and 
kinks. For Δμ = 0 on β s i t e s only double-bonded s i l icon i s adsorbed: 
E0>si - 3.7x10 at ШОО К. The single-bonded si l icon adsorbates are 
found only on α s i t e s : Σθ-si * 1.3x10 [ 5 ] , a l l coverages related to 
the entire surface. On a (111) surface, representative for a s i t e s , an 
activation energy for diffusion of 25 kcal/mol has been reported [29], 
almost half of the adsorption enthalpy. For double-bonded species t h i s 
о 
resu l t s in 39 kcal/mol, if also ^ДН
а(іа, corrected for the breaking of a 
dimer bond, is taken. Thus the probability to diffuse i s 150 times 
larger for single-bonded s i l icon species. Since the coverage differs a 
factor of 30, the r a t i o of the single- to double-bonded s i l icon flux i s 
5 at ΙΊΟΟ К. However, if the dimer bond i s not restored in the 
activated complex of the double-bonded adsórbate, which i s quite 
probable, the flux r a t i o increases to 800. This means that s ingle-
bonded growth units will dominate the step growth. 
Fig. 13 Anisotropic diffusion on reconstructed 31(100); 
schematic view on a t i l t e d (100) surface. 
I : Junp from one α s i t e directly to another 
I la: Jump fron one dangling bond to another, within one α s i t e 
l i b : Jump from one α s i t e to another via а в s i t e 
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As can be seen in f ig. 13 diffusion of single-bonded s i l icon 
adsorbates i s anisotropic in the <011 > direct ion. They can diffuse from 
о to α s i t e d i rect ly ( I ) , or via a 0 s i t e (IIa and b) . The second 
process involves a Jump from a protruding dangling bond to a retroceded 
bond with a low electron density ( l i b ) . The dimer bond will be 
dis torted severely, but may not be broken, since then the s i l icon 
species could adsorb on the 0 s i t e . Klnetically t h i s step i s 
unfavourable to diffusion via a s i t e s , which involves two protruding 
dangling bonds, only. So l ike on a broken bond surface [30], diffusion 
i s favoured In the [011] (and [0lT]) d i rect ions . In the next layer the 
dimers are rotated 90° and accordingly the diffusion path changes from 
[0Ϊ1] to [011]. Essential i s that in each layer the diffusion i s mainly 
l imited to a l inear motion. This Is in contrast with a (111) surface 
where diffusion is not limited to a row of surface s i t e s but i s 
equivalent in 3 d i rec t ions . 
If in the diffusion process via a β s i t e ( l i b in fig. 13) the dimer 
bond i s broken, the diffusing single-bonded species can attach to the 
0 s i t e and form two bonds. In principle t h i s process is revers ible : a 
double-bonded adsórbate on a 0 s i t e also can jump out of the 0 s i t e and 
attach to a dangling bond of the adjacent a s i t e with simultaneous 
res tor ing of the dimer bond. So there Is a poss ib i l i ty for s i l i con 
adsorbates- to exchange between α and 0 s i t e s . In equilibrium t h i s 
exchange does not influence the population of single- and double-bonded 
growth species on the surface. However in the growth process local 
differences In the supersaturation can occur. As diffusion gives mainly 
a transport of single-bonded growth species towards the step, Δμ tends 
to be lower for α s i t e s than for 0 s i t e s near the s tep . As long as the 
kinetic barr ier for the jump from α to 0 s i t e s and vice versa is 
negl igible, t h i s resul t s in a removal of double-bonded adsorbates from 
0 s i t e s and thus effectively a diffusion of these two dimensional nuclei 
to the s tep . If the energy barrier for exchange between α and β s i t e s 
i s high, i t could be that the adsorbates on both s i t e s behave 
independently. However s i l i con adsorbates could also be trapped 
predominantly on 0 s i t e s , enhancing considerably two dimensional 
nucleation. If on the other hand the reverse jump from a 0 to an α s i t e 
i s eas ier , monatomic two dimensional nuclei can dissolve, pranoting step 
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growth. At the a s i t e s the supersaturation of especially monatomic 
s i l icon will increase. This can addit ionally promote the crystal growth 
at the steps s ince, as will be shown l a t e r , Si can form dimer bonds 
within the adsorbed layer . 
5.2 Step propagation 
The dlmerlzation of a (100) surface leads to adsorption and crysta l 
growth which i s neighbour related in the [011] (and [0ÏT]) d i rec t ions . 
If growth occurs next to one already occupied s i t e in one of these 
direct ions, one dimer bond must be broken if the attachment i s on an 
α s i t e and no bond if i t i s on а В s i t e . If the adjacent s i t e s are 
unoccupied, formation of a double bond costs 1 dimer bond on a 8 s i t e 
and two on an α s i t e , Just l ike adsorption on a bare surface. So the 
presence of one neighbour in the dimerization direct ion, as in case of a 
[011] s tep, reduces the number of bonds to be broken by one. 
The adsorbates have the poss ib i l i ty to form dimer bonds in the [0Ϊ1 ] 
direct ion. This dimerization promotes the incorporation of growth 
species if i t occurs simultaneously, thus reducing the act ivat ion 
energy. Of course t h i s is only possible, if no hydrogen i s attached to 
one of the dangling bonds involved In t h i s dimerization process, for 
t h i s must be desorbed f i r s t . So Immediate formation of t h i s dimer bond 
i s not possible for SIH2. This means that the incorporation could be 
different for Si and SiHj, the two major growth species, favouring 
monatomic s i l i c o n . 
On the basis of the poss ibi l i ty to form a new dlmer bond in the 
adsorbed layer, the different growth s i t e s can be divided into two 
groups (a,b,c) and ( d , e , f ) . The f i r s t three s i t e s having the 
poss ib i l i ty to form a new dimer bond, the l a t t e r not. As indicated in 
fig. 14 the most favourable s i t e i s (a) since no dimer bond has to be 
broken and the adsorbed s i l icon can form a new dimer bond with the 
adjacent s i l icon atom in the adsorbed layer. For (b) and (c) one, 
respectively two dlmer bonds must be broken, compensated by the 
formation of a new one. Adsorption on (d), (e) and (f) r e s u l t s in 





Fig. 14 Growth sequence of a step on a (2x1) reconstructed (100) surface. 
0*3 Indicate the different stages, however the surface as sketched 
could also be a momentary view. 
Essential in step growth on a reconstructed (100) surface Is the 
presence of a s i l icon neighbour in the [011] or [011] direct ion. In 
f ig. 14 i t Is Indicated how the growth process then proceeds. The r a t e 
l imit ing step is adsorption on an (e) s i t e , which costs 1 dimer bond 
(0-И in f ig. 14). As indicated in the bottom of the figure two 
(e) s i t e s are present, differing in the fact that the upper one has a 
neighbouring s i l i con adsórbate and the lower one has not. In principle 
the upper one could form a dimer bond with i t s neighbour. For energetic 
reasons however, i t i s preferable to proceed the exist ing dimer chain. 
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Dimer formation between adsórbales of different chains represents the 
formation of a "dislocation" in the (2x1) reconstruction. So both s i t e s 
are real (e) s i t e s with an equal attachment probabi l i ty . The subsequent 
attachment to a (d) s i t e i s easy, since no dimer bond i s present anymore 
(1+2). As will turn out l a t e r , i t i s very probable that these two steps 
often occur similtaneously, in th i s way reducing the energy barr ier of 
the l imit ing s tep . After attachment of the two species the same process 
will be repeated again in the [011] direct ion. One of the neighbouring 
rows has the poss ib i l i ty to form dimer bonds with the already formed 
row, so i t can proceed fas t in the [011] direct ion. Thus adsorption on 
a (b) and on an (a) s i t e will Immediately follow (2+3+0). So if the 
supply of growth species is not ra te l imi t ing, a step will grow with 
four units at a time if dimerization occurs simultaneously with the 
incorporation, else with two. 
If no double-bonded s i l icon neighbour i s present in the [011] or 
[011] direction attachment is only l ike ly when a new dimer bond can be 
formed with an adsórbate. As shown in f ig . 14, the top l e f t В s i t e i s a 
(b) s i t e , allowing adsorption with net no dimer bond breaking. 
Adsorption along a dimerized adsórbate chain, as depicted r ight from the 
centre in the upper part of f ig . 11, i s similar to two dimensional 
nucleation: at l eas t one bond has to be broken, I . e . attachment on an 
(e) s i t e . Although t h i s Is the same as the r a t e l imit ing step in the 
step propagation, i t will be shown that adsorption on such a β s i t e i s 
unfavourable to attachment on an α s i t e , which l i e s along a [011] s tep . 
So, as depicted in f ig. 15, [0Ϊ1] and [011] steps are smooth. Random 
adsorption along the step Is unlikely as compared to attachment at a 
kink s i t e . If two s i l icon adsorbates, forming a dimer bond, are 
considered to be one growth unit , [011] growth i s rough, since 
adsorption on both sides of the growth uni t , in the [011] d i rect ion, i s 
independent of i t s presence. In the next layer t h i s pattern has rotated 
90°. 
So the dimerization of the crystal surface r e s u l t s in a stepped (100) 
surface, in some respects comparable with Sl(110). Both consist of 
chains which can grow and etch fast in one direct ion; in case of (100) 
the [011], for (110) the [iTo] direct ion. The propagation of the chains 
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Flg. 15 Roughness of the steps on a (2x1) reconstructed (100) surface. 
In two directions, [Oil] and [ΟΪΤ] for layer 1, the growth Is rough. 
The perpendicular step Is smooth. 
In the next layer (2) th i s behaviour has rotated 90°. 
between the chains i s possible. On (100) the dimerizatlon of the 
adsorbates does not resu l t In a long order in teract ion, i t only gives a 
double chain. Аз will be discussed l a t e r , only if a "dis locat ion" 
occurs in the dimerizatlon of the adsorbed layer, a weak, but Important, 
in teract ion appears in the [Oil] d i rect ion. In contrast to (110) where 
attachment i s the same for a l l growth uni t s , for (100) a basic growth 
unit consists of 4 adsorbates, if dimerizatlon occurs. However the main 
difference is t h a t for (110) lower lying chains run para l le l t o the 
surface chain, whereas for (100) the dimer chain of the adsorbates i s 
perpendicular t o the surface dimerization. The adsorbed layer i s in 
fact a new surface onto which new adsorption i s possible. Though a 
(100) surface Is only twofold symmetric, effectively for Sl(100) 
fourfold symmetry i s observed, as for every new layer a change of 90° 
occurs for the direct ion of steps and fast diffusion. 
5.3· Step growth versus two dimensional nucleatlon 
The kink s i t e s needed t o obtain [011] growth - which remains in the 
discussion the slow growth direction - can be produced by a 
misorientation, dislocations or two dimensional nucleatlon. To obtain 
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Flg. 16 A) Assisted adsorption In the growth of a [Oil] step 
two adsorbates break one dlmer bond 
B) Assisted adsorption In two dimensional nucleati on 
two adsorbates break two dlmer bonds 
Two dimensional nucleatlon s t a r t s with the adsorption of a double-
bonded s i l icon species at a ß s i t e . This costs one dimer bond, so 
energetically t h i s process should be as l ike ly as adsorption on an 
α s i t e next to an occupied β s i t e ( e ) : the r a t e l imit ing step in 
propagation of a [ o ï l ] s tep via kink s i t e s . So, at f i r s t s igh t , random 
nucleatlon should be competitive with step growth. To explain the 
observed step growth on Si(100) i t must be assumed that adsorption on 
α and ß s i t e s i s coherent. In f ig . 16A i t i s sketched how th i s 
simultaneous breaking of a dimer bond i s envisioned. A single-bonded 
si l icon adsórbate i s diffused to an (e) s i t e (1). Since forming a 
double bond Is d i f f i cu l t , because then a dimer bond has to be broken, i t 
i s favourable to wait unt i l another single-bonded si l icon adsórbate i s 
diffused to the neighbouring α s i t e (2) . The adsórbate on the (e) s i t e 
then moves to the other dangling bond of the α s i t e to form a double 
bond. Simultaneously the other adsórbate adsorbs on the β s i t e , since 
the dimer bond i s weakened. So two s i l icon adsorbates ass i s t each other 
in breaking one bond, thus dividing the reconstruction energy and 
lowering the act ivat ion energy considerably. In fig. 16B i t Is shown 
that the same process i s not favourable for two dimensional nucleatlon: 
forming a double bond by the adsórbate at the α s i t e i s not only 
weakening the dimer bond at the right-hand s ide, but also at the le f t -
hand side. Although in growth via kink s i t e s as well as via 
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two dimensional nucleation - or adsorption along a smooth [Oil] step -
coherent attachment i s possible, i t is only favourable in the f i r s t 
case. Then only half of a dimer bond i s broken per adsórbate, instead 
of one. 
Though two dimensional nucleation i s less probable then step growth, 
t h i s does not mean that i t will not occur. Fortunately if a nucleus i s 
formed [0Ï1] propagation i s unlikely, only expansion in the [Oil] 
direct ion Is probable. For outgrowth in the [011] direct ion, adjacent 
nucleation i s needed. Since nucleation i s random, i t Is not l ike ly that 
i t will precisely occur adjacent to the double row of adsorbates. So a 
nucleus will not extend and can be incorporated easi ly In an impinging 
s tep . Only the dimerizatlon can be out of phase; shifted 1 single row 
of atoms. 
At higher supersaturations growth via steps no longer i s preferred to 
two dimensional nucleation. Because of the large supply of 
growth species, the s t icking probability (Θ) no longer i s dominated by 
the adsorption energy. At the point in the adsorption curves where 
Ze>si IgT and E0>si |gT T ( f igs . 7b and 9b), representing the breaking of a 
half, respectively one dimer bond, are both approaching unity, 
two dimensional nucleation i s so easy that the surface roughens 
k i n e t i c a l l y . 
δ . Ί . Outgrowth of macroscopic hil locks 
Dislocations are also a source of kink s i t e s , the importance 
depending on the growth r a t e , the applied mi sor ientat i on and the 
crys ta l l ine perfection. According t o the "Rough Heart" model, at the 
outcrop of a dis location local ly the reconstruction i s removed [26]. 
This perfectly explains the i n i t i a t i o n of a growth hil lock. However, 
further outgrowth to macroscopic dimensions i s up to now, not accounted 
for. The s t r e s s f ie ld, breaking up the dimers, i s not extending that 
far, so i t must be discussed how the s tab le [011] step can propagate. 
In other words how the propagating growth hil lock can produce i t s own 
kink s i t e s . 
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Flg. 17 A discont inui ty In the dlmerlzatlon аз a nucleation s i t e on a s t e p . 
A) A non-dlmerlzed s i l i c o n adsórbate, causing easy adsorption 
on a 6 s i t e at a step posi t ion; ( Ь )
э 
B) An out of phase s i l i c o n dimer as a source of kink s i t e s , (e)|( 
C) A kink s i t e , (d)^, as the s t a r t of a new dimer 
Two dimensional nucleation adjacent to the step could be one 
possibility, however as the probability is not very large, at low 
supersaturations, this cannot explain the well developed growth hillocks 
often observed on (100) faces [31]. Attachment of growth species onto a 
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smooth [0Ï1] step could be accounted for however, if a small interact ion 
perpendicular to the step i s assumed. An obvious cause for t h i s 
in teract ion perpendicular to the surface dimers Is the dlmerizatlon in 
the adsorbed layer . Normally only a two by two ordering is expected, 
however if a local disturbance in the dlmerizatlon of the adsorbates i s 
present, a long order interact ion i s introduced. As can be seen in 
f ig . 17A, for a smooth s tep a "dislocation" in the reconstruction allows 
easy adsorption on a fl s i t e . Instead of the d i f f icul t breaking of one 
bond, i t i s now a (b) s i t e : if Si i s attached to the already adsorbed 
growth uni t , i t can form a new dinier bond, while the surface dimer i s 
broken. Then kink s i t e s , (e )^ , are formed ( f ig . 17B), allowing further 
growth along the smooth s tep . The d i f f icu l t step in the attachment to 
the dislocation i s got round by the regular dimer chain, as the (d) s i t e 
becomes a kink s i t e ; f ig . 17C. After completion of the complete s tep , 
via (a) and (b) s i t e s , s i tua t ion A i s regained. So a disturbance in the 
reconstruction of the adsorbed layer can be a continuous source of 
kink s i t e s . 
Such a discontinuity in the dimerization can be caused by the s t r e s s 
f ie ld around the dislocation; the reconstruction i s not s t a r t ing 
everywhere simultaneously. Another source of kink s i t e s could be a 
different reconstruction mode, e.g. (2x2) instead of (2x1). A square 
hil lock i s formed, when the [Oil] and [0Ï1] steps l imit ing the growth of 
successive layers are propagating equally f a s t . This will happen when 
the density of "kink s i t e s " i s equal for both s t eps . When the density 
becomes very high, or the difference in propabil l ty for growth via kinks 
or via the step low, as at high supersaturat ions, the four steps 
l imit ing the growth hillock roughen. Then the shape will be determined 




I t has been shown that adsorption and crystal growth are influenced 
enormously by the poss ib i l i ty of a bare (100) surface to reconstruct . 
An essential feature of surface reconstruction Is the strongly reduced 
coverage of double-bonded s i l icon species. For adsorption on В s i t e s i t 
i s obvious that for a l l adsorbates the breaking of a dimer bond must be 
accounted for, reducing considerably the gain in adsorption energy. For 
hydrogen attached to о s i t e s , experimental evidence i s avai lable, 
Indicating that the reconstruction i s not removed [8] . Should t h i s also 
apply for double-bonded s i l icon adsorbates, then the resul t ing surface 
coverage of the a s i t e s would be comparable with the coverage of a 
broken bond surface. This i s in contradiction with crystal growth 
experiments, which ref lect a low coverage with growth units and oppose 
direct condensation of s i l icon. So s i l icon on α s i t e s must influence 
strongly the s t a b i l i t y of the dimer bond, when double-bonded. 
Experimental data are unavailable to what extent the adjacent dimers are 
weakened. In t h i s paper the maximal influence i s assumed, following the 
observation that double-bonded oxygen in N2O preferably attaches to 
S s i t e s [22]. Thus adsorption of >0 on an α s i t e obviously costs more 
than one dimer bond. 
Should attachment of double-bonded s i l i con species on α s i t e s in fact 
only cause the breaking of one adjacent dimer bond, the essence of the 
resul t s would not change. The main difference would be that for the 
ajj j-curves the energy correction i s halved to 30 kcal/mol. As can be 
deduced from f ig . 7a, t h i s difference i s negligible at low 
supersaturations, since the ац- and an j-curves already coincide, when 
20 respectively 60 kcal/mol is used as the dlmer correct ion. For high 
supersaturations, f ig. 9a, the influence Is larger resul t ing in a higher 
s i l icon coverage at the high temperatures, where ащ becomes important 
(fig. 10). 
I t should be real ized, that the coverage strongly depends on the 
standard gain in adsorption energy. As the exact energy needed to break 
a dlmer bond i s not known - the reported values vary from 26 to 
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39 kcal/mol dlmer [15,16] - t h e coverage e v i d e n t l y i s i n f l u e n c e d 
d r a s t i c a l l y by t h e c h o i c e made f o r t h e r e c o n s t r u c t i o n energy. In 
f i g . 18a, f o r low t e m p e r a t u r e s , t h e coverage w i t h double-bonded s i l i c o n 
i s shown for d i f f e r e n t s t a b i l i t i e s of t h e d i m e r s . I t can be seen t h a t 
wi th a change of only 10 kcal/mol t h e curve s h i f t s 300 K. For 
о 
AGreconstr " 20 kcal/mol t h e s i l i c o n coverage i s r a t h e r high u n t i l 
800 K; If t h e c o r r e c t i o n i s 40 kca l/mol , a l r e a d y a t 100 К the coverage 
with growth u n i t s i s n e g l i g i b l e . As can be s e e n i n f i g . 18b, t h e e f f e c t 
i s a l s o c o n s i d e r a b l e on t h e t o t a l c o v e r a g e . Hydrogen i s not a b l e t o 
a t t a c h p r o p e r l y t o В s i t e s and cannot compensate t h e absence of s i l i c o n . 
T h i s r e s u l t s i n a coverage of only t h e α s i t e s f o r t h e " W - c u r v e . For 
smal l d i m e r i z a t i o n e n e r g i e s s i l i c o n i s a b l e t o compete e f f e c t i v e l y with 
hydrogen a t α s i t e s , a t low t e m p e r a t u r e s . At t e m p e r a t u r e s h igher t h a n 
1200 K, b a s l c l y t h e coverage of t h e s u r f a c e i s t o a l a r g e e x t e n t 
independent of the r e c o n s t r u c t i o n energy. 
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Fig. 18a Real total silicon coverage of 
a reconstructed (100) surface, 
In equilibrimi with a 
"heterogeneous" gas phase at 
1 atro total pressure, as a 
function of temperature for a 
reconstruction energy of 20, 30 
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Flg. 18b Real total coverage of a 
reconstructed (100) surface, In 
equilibrium with a 
"heterogeneous" gas phase at 
1 atro total pressure, as a 
function of temperature for a 
reconstruction energy of 20, 30 
and 10 kcal/mol dlmer. 
I t i s t h i s h i g h - t e m p e r a t u r e r e g i o n , a t low s u p e r s a t u r a t i o n s , which i s 
i n t e r e s t i n g f o r m o n o c r y s t a l l i n e s t e p growth. As t h e d i s c u s s i o n of t h e 
c r y s t a l growth model i s only q u a l i t a t i v e , r e g a r d i n g s t e p growth and 
two dimensional n u c l e a t l o n , f o r t h e b a s i c p r i n c i p l e s , I t i s not r e l e v a n t 
what t h e exact v a l u e f o r t h e r e c o n s t r u c t i o n energy i s . I t i s t h o u g h t 
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however that the choice of 30 kcal/mol gives a reasonable impression of 
the r a t i o of double- versus single-bonded s i l icon adsorbates. This 
value i s choosen on the low side in order not to overestimate the 
influence of surface reconstruction. 
At low temperatures the differences are rather la rge . Increasing the 
dimeri zation energy resu l t s in a surface coverage changing from SÌH2. 
adsorbed at a l l s i t e s , to HH, se lect ively attached to ct s i t e s . To 
distinguish between the two si tuat ions should be possible with LEED, as 
only in the l a t t e r s i tua t ion the reconstruction i s preserved. However 
i t is rather d i f f icul t to apply relevant par t ia l pressures of the 
adsorbates to the surface. Gaining insight by studying the growth i s 
hampered by the large influence of incorporation kinet ics at low 
temperatures. Whether the surface i s covered with s i l icon or hydrogen 
(apart from the influence of SÍO2) the quali ty of the crystal growth 
will be poor, e i ther due to two dimensional nucleation or to blocking of 
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Flg. 19 Real total s i l icon coverage of a 
reconstructed (100) surface. In 
equilibrium with a "homogeneous11 
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г
 at 1 atm 
total pressure, as a function of 
taoperature for a reconstruction 
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At high supersaturations also a strong dependence on the dimerlzation 
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influence i s large, i s in the epitaxial regime. So firm conclusions on 
the influence of supersaturation on two dimensional nucleation cannot be 
made. Nevertheless i t can be stated that the concentration of double-
bonded s i l icon i s anyway considerably larger than for a (111) surface. 
In t h i s paper i t i s not pretended that the exact coverage i s 
presented for a l l temperatures and p a r t i a l pressures of the radica l s in 
the gas phase. The intent ion i s only to get insight in the interact ion 
between gas phase and crystal surface, in order to gain knowledge on the 
s t ructure of a Si(100) surface. Essential i s the different af f inity of 
α and В s i t e s for single- and double-bonded species and the influence of 
adsorption on the s t a b i l i t y of the neighbouring s i t e s , resul t ing in 
one-dimensional re la ted crystal growth and adsorption. The model, as 
ref lected in eqs. (6) and (7), i s not exact and use i s made of the fact 
that the equllibriisn coverage i s calculated. However care is taken, to 
preserve the different nature of single- and double-bonded species 
regarding the breaking of dimer bonds and to apply the physically most 
r e a l i s t i c energy correct ion. In the model only l imit ing environments 
for the adsorbates are taken into account. This means that in the 
s i tuat ions intermediate between a bare and a fully covered surface some 
uncertainty e x i s t s . Comparing figs. I8a,b and 19 with the calculated 
coverages as depicted in f igs . 8 and 10 i t can be noticed that where an 
intermediate s i tuat ion exis t s on the surface, the dependence on the 
reconstruction energy i s also large. The l a t t e r effect being much more 
pronounced, so a more detai led model would make l i t t l e sense. For 
Δμ - 0 at high temperatures the calculations are rather accurate with a 
well-defined ащ, Bji-coverage. For high supersaturat ions, at low 
temperatures, the surface i s certainly fully covered with double-bonded 
s i l icon species . 
6.2. Crystal growth 
Step growth on a reconstructed (100) surface Is governed by the 
breaking of surface dimers and the formation of new dimers in the 
adsorbed layer in the perpendicular d irect ion. In t h i s paper two new 
aspects are introduced. The simultaneous incorporation of two 
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adsórbales to explain the easy propagation of a step in the [Oil] 
direction and the formation of a dlraer bond in the adsorbed layer to 
explain the propagation of a [0Ï1] step. For both processes no 
experimental evidence Is available, however to explain the observed 
growth hillocks and step growth it Is essential that they are 
introduced. Else two dimensional nucleatlon would be more pronounced. 
To explain growth, the adsorption layer must be stabilized by 
additional bonds, first dlmerization, then coverage with new adsorbates. 
As can be seen in the adsorption curve (fig. Θ), full coverage with SiHj 
or Si is impossible at low supersaturations. However when a dlmer bond 
is formed, silicon is attached with three bonds to the surface, similar 
to a (111) toplayer. Then the tendency to ijesorb, given by the 
adsorption curves for the broken bond model (fig. 3a), as net no dimer 
bond is broken, is low. Only at very high temperatures the coverage can 
be smaller dan unity, evaporation of adsorbed silicon becomes possible 
and the surface becomes rough, despite the formed dimers. Only by 
Increasing the superaaturation the crystal surface can remain smooth, 
without too many vacancies. 
The model ia based on a regular (2x1) reconstructed surface. As it 
is likely that (2x1) areas coexist with for example (2x2) or (Ίχ2) 
reconstructed areas It is significant to consider these deviations from 
regularity. In all cases the dlmerization is still in the [Oil] 
direction. If the small Interactions, which now exist in the [01T] 
direction, are neglected, adsorption is still one-dimensional and is 
equal for all the different buckling modes of the dimers. As the 
dlmerization of the succeeding layer is perpendicular, after breaking of 
the dimera the reconstuction pattern ia not reatored In the subaequent 
layers. The only Influence a distortion can have is on the roughness of 
the growth. As shown in fig. 17 an Irregularity in the (2x1) pattern 
gives a amali interaction, if simultaneoualy with the incorporation a 
new dimer is formed, increasing the roughness of a [011] step. On the 
other hand the perpendicular [011] step is more smooth if other 
dlmerization modes are allowed. As can be seen In the bottom of 
fig. 14, the upper (e) aite now can dimerize with its neighbour. Now 
attachment la dependent on the presence of a neighbour, though only on a 
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non-dimerlzed one. This equalizing of the steps will only occur If Si 
is attached, since this allows simultaneous formation a dimer bond; 
thus, predominantly at high temperatures and low pressures: then Si is 
favoured above SIH2. 
7. Conclusion 
With the assumption that a (100) surface is reconstructed during 
crystal growth, it can be explained why step growth is experimentally 
observed. An extra interaction is present in the direction of the dimer 
bonds, which makes it preferable for growth units to attach adjacent to 
each other in that direction, resulting in a stepped-like surface. As 
the dimerization of the adsorbates, which becomes the surface of the 
next layer, is rotated 90°, this eventually results in growth of (100) 
аз if it were a flat face. 
Basicly for the step growth is the low surface coverage with double-
bonded silicon species. Only at low temperatures and high 
supersaturations full coverage Is attained. The a sites favour 
hydrogen, so at low supersaturation (and temperature), hydrogen and 
silicon are alternately adsorbed; hydrogen is attached to the dangling 
bonds and silicon at the dimer bond site. At temperatures higher than 
800 К double-bonded silicon is also repelled from these sites; the 
energy loss because of the broken bond, becomes too large compared with 
the energy gain. Thus at high temperatures and low supersaturation the 
surface has a low hydrogen coverage and the reconstruction is hardly 
removed. 
In step growth silicon adsorbed on the remaining dangling bonds 
accounts for the diffusion of growth units to the step. Two of them are 
able to break simultaneously one dimer bond at a step site, favouring 
step growth above two dimensional nucleation. So, dimerization of the 
crystal surface аз well аз in the adsorbed layer, is of primary 
Importance in the crystal growth process. The start of two dimensional 
nucleation is caused by divalent silicon species, who preferably remove 
the dimer bond. Аз their presence is not negligible, even at low 
supersaturations, on a (100) surface two dimensional nucleation already 
will be likely, under conditions where on a (111) surface still smooth 
step growth will be observed. 
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Appendix A Adsorption constants for an unreconstructed (100) surface 
Application of the broken bond model leads for a Si(100) surface to 
double-bonded silicon adsorbates, one bond is only formed by H and SIH3. 
These single-bonded species can be assumed to be adsorbed similarly as 
on 51(111). In this appendix only the data specific for double-bonded 
silicon species are presented. The method of calculation as well as the 
adsorption constants of H and SiHj have already been discussed [5]. 
Al. Enthalpy 
The standard enthalpy at a temperature Τ can be written as the sum of 
the enthalpy at 298 К and a temperature term. The bond strength, 
с 
¿Ha<j(298), Is 108 kcal/mol: the sublimation enthalpy of a silicon 
crystal [19]. As can be deduced from table 1 for most adsorbates the 
temperature contribution is marginal, viz. - -1 kcal/mol. This term is 
taken into account only to obtain more detailed information about the 
nature of the growth species. Significant is the difference in enthalpy 
between Si and SiHj, the most important growth species. The 6 kcal/mol 
difference, which is due to low lying electronic states and the loss of 
rotation of SÌH2, has a great influence on the relative importance for 
adsorption, favouring SÌH2. 
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A2. Entropy 
For double-bonded adsorbates the entropy loss can be written down as: 
(A.I) ASad - S(vib + e lec) a d g - S i e l ec ) , - St t ransl + rot + elec)g 
The main difference with a (111) surface i s the entropy gain of the 
adsorbed molecule. Because of the double bond, rota t ion Is no longer 
possible and the frequency of the vibration i s higher. Instead of 
1 s t re tch and 2 bending modes, 2 stretch-bending and 1 bending will be 
present on (100); f igs . 20a-d. The l a t t e r i s a motion perpendicular to 
the plane of the Si-Si-Si bonds, while the former i s a vibration in the 
direct ion of one of the bonds and almost perpendicular to the other. 
Vbend h a 3 b e e n calculated assuming that the bond strength i s twice that 
of a s ingle Si-Si bond; viz. 108 kcal/mol. The stretch-bending mode i s 
a coupled motion. I t can be argued that the motion connected with the 
strongest bonding, which is the s t re tching, will dominate. In the 
present r e su l t s the stretch-bending Is approximated to be a s t re tch 
vibrat ion with the normal Si-Si bond length and strength. 
Fig. 20 a) Stretch of SiH2 on a (111) surface 
b) Top-view on a (111) surface; the two bending modes of SIH? 
c) The two stretch-bend modes of SIH2 on (100) 
d) Top-view on a (100) surface; the bending of SIHj 
Since the internal vibrations of the adsorbed molecule and crystal 
are assumed to be unaffected by the formed bonds, the only difference 
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l e f t i s the electronic contribution to the entropy. A vacant s i t e now 
consists of two dangling bonds, with a corresponding entropy content of 
2.8 cal/mol-K. The adsorbed molecules are considered to have the same 
electronic levels as the analogen with two more H, e.g. Si* is 
resembling SiHjCg). The electronic contribution for SÌ2 and SÌ3 i s 
assumed to be zero. 
In table 1 the entropy loss , calculated according to the above given 
schene, i s presented. For SI, SÌ2 and SÌ3 the difference with (111) i s 
-6 cal/mol-K. This i s caused by the higher vibrational frequency - the 
bonding to the crystal surface i s stronger - and a smaller electronic 
contribution: an additional saturated bond i s formed. Compared with 
(111), for SiH and SlHj the adsórbate loses S r o t , which gives an extra 
loss of 7 cal/mol'K, leading to a to ta l difference of -13 cal/mol-K. 
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ABSTRACT 
A theoretical and experimental study has been performed for the feasibility of epitaxial growth in a furnace In this 
study, it is proven that growth in a hot-wall furnace in principle is possible — without deposition of silicon on the quartz 
ware of the cell — when the growth is earned out at near equilibrium conditions For supersaturaüons larger than 10%, 
deposition also occurs on the quartz of the wafer boat or cell A conbtant su per saturati on, ι e , a constant growth rate at 
all slices along the reactor tube can be achieved by imposing a temperature gradient over the cell The best results are 
obtained for growth with SiHCl „ low Cl/H ratio, and high temperatures Growth rates amount to 0.1-0 3 μπϋτηιη for these 
conditions 
The epitaxial growth of silicon has become an inherent 
part of the silicon device technology since in I960 the 
first transistor with epitaxial base was described (1) Re­
cently, silicon solar cells with epitaxial layers on metal­
lurgical-grade silicon substrates showed the feasibility of 
chemical vapor deposition in this rapidly growing tech­
nology' (2) The growth of device quality epitaxial material 
is performed in cold-wall reactors operating at atmo­
spheric pressure and at temperatures well above 1000DC 
In this temperature range, the surface reactions leading to 
growth are relatively rapid and the growth rate is deter­
mined by the supply of reactant via gas phase diffusion 
The concept of the stagnant boundary layer has been suc­
cessfully applied to describe and to monitor the growth 
rate and the growth rate uniformity in productiun-type re­
actors (3) 
A rather low packing density of substrates can be used 
in the epitaxial cold-wall reactors and the numbers pro­
duced per batch are restricted to, say, 20 slices of 4 in 
diam The epitaxial growth, therefore, is among the most 
expensive steps in the silicon device technology, and re­
actors with a high packing density of substrates in a re­
sistance-heated hot-wall diffusion-type furnace should be 
very welcome 
The hot-wall reactor came into use when polycrystal-
line silicon had to be grown in thin layers on existing de­
vice structures acting as gate material m the self-aligned 
MOS technique It appeared that poly-Si could be depos­
ited on shces stacked in a diffusion furnace to give an ex­
tremely uniform polycrystalbne silicon layer over the 
whole batch (4) 
This method only works at the low temperatures where 
poly-Si is grown and where the efficiency of the growth 
•Electrochemica] Society Active Member 
reaction is so low that depletion effects are of minor im­
portance Growth also occurs on the hot quartz walls and 
substrate holders The method is therefore reslncled to 
the deposition of thin polycrystalline layers at relatively 
low temperatures 
Studies to grow monocrystalline silicon in a hot-wall 
furnace have been performed since 1960 Deal (5), Lom-
bos and Somogyi (6), and Nishizawa (7) showed the main 
problems to be the strong depletion and the rapid deposi­
tion on the quartz ware of the reactor Ban (Θ) introduced 
a mechanically complex system in which a great number 
of slices can be processed simultaneously and rotating 
nozzles are used to direct the gas flow Recently, 
Langlais et al (9) gave an analysis of the thermodynamics 
of silicon deposition in a hot wall reactor Depletion ef­
fects were not studied specifically, but a growth at re­
duced pressure is recommended Indeed, Oginma and 
Takahashi (10) showed that SiHjCl^ plus H^ at a total pres 
sure of 2 torr could give a reasonable growth rate distribu­
tion m a LPCVD reactor around lOOO'C, with a special 
nozzle to introduce the reactant A similar observation 
has been published by Duchemin et al (11) In all the 
work cited above, high supersalurations were needed to 
come to an acceptable growth rate Deposition of silicon 
on the hot tube wall and depletion m the direction of the 
gas stream does restrict the usefulness of the method An­
other approach to the epitaxial growth of silicon has been 
pursued for a number of years in our laboratory (12) De­
tails of the underlying concepts and of some results will 
be given in the following sections 
Eqtuítbrmm caiculations —Thermodynamic calcula-
tions of the Si-Cl-H system have been performed with in-
creasing accuracy Stemmaier (13) was the first to calcu-
late the silicon growth rale as a function of the gas phase 
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composition Lever (14), Hunt and Sirtl (15, 1Θ), van der 
Putte et oí (17), and Langlais et αϊ (9) showed the poten­
tials of the computer calculations 
Expen mental evidence has been obtained by Sedgwick 
(18), Ban (19), and Duchemin (20) showing that equilib­
rium between the gas phase and solid silicon is rapidly es­
tablished at temperatures well above lOOCCC, leading to 
gas-phase concentrations of SiCl,, SiH.,ClZl and HCl close 
to the ones calculated from thermodynamic data 
In the present study, interest is focused on near-
equihbnum situations in which only a small supcïsatura-
tion is available, the equibbnum calculations, therefore, 
are even more interesting than in the cases discussed be-
fore where large supersaturations are involved 
Using literature data together with an iterative com-
puter program based on minimahzation of the Gibbs en-
ergy, the equilibrium composition of several Si-H-Cl gas 
mixtures in contact with solid silicon was calculated This 
was performed for several Cl/H ratios, temperatures, and 
total pressures Figure 1 gives an example of the equilib-
rium composition as a function of temperature of a gas 
mixture for Cl/H = 0 162 and piut = 1 bar The total 
amount of silicon which is present in the gas phase can be 
deduced for each p, T, and H/Cl ratio by taking the sum 
total of all the partial pressures of gabeous compounds 
containing silicon This total sum is equal to the solubility 
L of silicon in the gas phase for the given conditions of p, 
T, and H/Cl under the condition of complete equilibrium 
between solid and gas 
Sps l = L = J^P j tS i .H .C l jj (χ t 0) [1] 
The relative supersaturation percentage for an input 
pressure Pi follows from 
У = J—- 100 [2] 
The difTerence in chemical potential (Δμ) between input 
and e q u i b b n u m mixtures is given by 
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[4] 
In this way, the relative supersaturation y and Δμ/fcT are 
equal for small supersaturations 
In cases where the chemical reactions in the gas phase 
give nse to volume changes (nonequal number of 
reactants and reaction products), it is advisable to use a 
relative solubility L ^ given by t h e ratio of the number of 
moles of silicon in the gas phase and the total number of 
reacting atoms 
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where Σρ,, and Σρ
Η
 are defined in the same way as Σρ 4 1 
in Eq [1] 
In Fig 1, it is seen that at the lower temperatures ЗіСЦ 
is the main gas phase component in equilibrium with 
solid silicon, at the higher temperatures the SiCU content 
decreases, and SiCb becomes the most important gaseous 
silicon compound This situation leads to a minimum in 
the silicon solubility (L) as a function of temperature for a 
specific Cl/H ratio Figures 2 and 3 give examples for dif­
ferent Cl/H ratios and total pressures For lower values of 
Cl/H, the absolute value of L decreases and the minimum 
shifts to higher temperatures For reduced pressures (or a 
replacement of H¿ by an inert gas), the minimum shifts to 
lower temperatures For mput partial pressures of SiCl«, 
SiHCla, or SiH^Cli, the appropriate Cl/H curve can be se-
lected and growth is expected for input values greater 










1SO0 1100 1500 
T(K) 
Fig 2 The silicon solubility L, constructed from calculations as 
given in Fig 1 for different values of Cl/H ratio ot atmospheric total 
pressure The minimum in L shifts to lower temperatures for increas-
ing chlorine content The preferred epitanal temperature is around 
1350 К 
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1100 
F19 3 Th· iilicon lolablity L at α function of temperatitre ot а 
comtent Cl/H ratio ot venous total ргенигм in the Si Cl-H «fitem 
Replacement of Нуатйцшп by an inert go· a· helium hos th« «мне ther­
modynamic consequence· 
In Fig 4, three experimental situations are depicted 
Point A corresponds to an experiment where the input of 
SiCU, SiHCl3 or SiHiClj, and HCl in Hi is such that for Τ -
1000 К the input mixture contains less silicon than the 
corresponding equilibrium value So once this mixture 
comes into contact with the solid silicon crystals, the sys 
tern will strive toward an equilibrium situation and the 
crystals will be etched This applies for every situation 
where the combination of input concentration and tem­
perature is lying below the solubility curves Growth will 
occur when t h e mput values exceed the solubility line 
For mixture A, this is achieved at Τ larger than HOOK So 
for input concentration A below 1100 K, etching will take 
place, above 1100 K, the crystal will grow Starting with 
an input composition at В directly will give growth be-
Sirel 
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Ftj. 4 The silicon tolubility as о function of temperohne in relation 
to various input conditions Input mixtures with a St/CI ratio higher 
Hum Hie equilibrium value U.) give rise to growth ot all temperatures 
(B) Lower input concentrations of silicon (А ом) C) lead to etching or 
growth dependent on temperature (see teit) 
cause the silicon content exceeds the solubility of silicon 
To prevent deposition of siheon in colder parts of the re­
actor, conditions have to be chosen such that deposition 
does not start below a specified temperature (situation 
A) It has also to be realized that an input mixture of say 
SiHCla in Hi can have the required Si/Cl and Cl/H ratio, 
the gas phase species however, still have to be adjusted 
to the equilibrium concentrations of SiCl.,, SiH-Cl, SiCU, 
etc This process may take some time 
For a real growth expenmenl in a hot wall reactor, a su-
persaluration has to be introduced in order to come to 
growth The small supersaturations envisaged in the pres­
ent experiments then will lead to a rapid reduction m 
growth rate in the direction of the gas stream This deple­
tion can be overcome in two ways First, it is possible to 
introduce additional reactant via an inlet tube with care­
fully designed holes, in this way the Si/H or Cl/H ratio can 
be altered as a function of position m the reactor Second, 
the temperature in the tube can be changed In the latter 
case, we work in a temperature gradient and the solubil­
ity curve can be followed until the minimum m the solu­
bility is reached This idea is followed in the present 
study AU along the temperature gradient the gas phase is 
brought out of equilibrium and comes to equilibrium 
again by the deposition of silicon on the substrates 
The growth of silicon under a small supersaturation as 
can be realized by the gradual change of temperature de­
scribed above has the additional advantage that growth of 
silicon on silicon is readily possible, growth of silicon on 
a foreign substrate, however, meets with nucleation diffi­
culties and needs a higher supersaturation (21) This bears 
the possibility that growth on tube walls and quartz boats 
can be prevented and also gives the possibility of selec­
tive growth in windows of oxide layers present on a large 
number of silicon substrates m the reactor 
Growth rate —For growth at a constant temperature, 
the growth rate (G) can be calculated for a constant flow 
rate V liter/mm an initial sibcon partial pressure p, bar, 
and a solubility L of silicon m the gas phase in bar at the 
temperature Τ from 
«P'-^ ' l iO'дт/шш [6] 
RTAp 
where R is the gas constant (82 06 c m ' bar/K mol) M is 
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the molecular weight of sib con (28 086g), ρ is the density 
of silicon (2 3 g/cm1), and A is the silicon substrate surface 
area (cm') 
The flow V depends on temperature and total pressure 
(PM) present m the reactor cell 
V = V„Tp,. 
Τ,,ρ,. 
[ Ί 
where V,, is the gas flow at normal ρ and Τ (ρ,, = 1 bar. Τ, 
- 298 К) For growth on a greater number of slices, each 
wafer has to be in contact with a gas phase with the same 
supersaturation This can be realized as discussed before 
m a temperature gradient m which the gas phase is con­
stantly brought out of e q u i b b n u m In that case the equa­
tion for the growth rate becomes 
<>-(-%№). IV M RT,A{X)P .* 10 : μΤΠ/ΠΊΐη [β] 
where (dL/dTV is the gradient of the solubility curve at 
temperature Τ for the Cl/H ratio and total pressure in 
question, (dT/dx)., the gradient of the temperature at po­
sition X, I the distance between two slices, and A(x) the 
substrate surface area at position X Growth has to be ex­
pected for a positive product (-dL/dTMdT/tir), t e , at the 
low temperature side of the minimum of the solubility 
curve (dL/dT < 0) a positive temperature gradient must 
be applied, whereas a temperature drop in the direction 
of the flow (dT/dx < 0) is needed when one works at the 
high temperature side of this minimum, where (dL/dT) is 
positive (Fig 2-4) 
For constant growth rate all along the reactor tube, it is 
sufficient that the product IdL/dTKdT/dx) I is constant 
In practice, a constant value of dT/dx combined with a 
constant wafer spacing is preferred In this case, constant 
growth rate requires a linear change in the solubility 
curve This optimal thermodynamic working point di­
rectly will follow from the solubility curves by calculating 
dL/dT for each Τ No real constant value for dL/dT is 
present, however, a more or less flat region — where the 
deviations are smaller than 10% — is present around each 
inflection point in the L vs Τ plot, allowing crystal 
growth in a temperature region with a width of about 
100-200 К around 1200 К for each Cl/H ratio 
In principle, it is possible to work at the high tempera­
ture side of the minimum in L vs Τ A disadvantage will 
be that the gas mixture has to enter from the hottest side 
of the furnace D u n n g the heating u p from room tempera­
ture, the gas will pass a temperature region where, al­
ready, a state of supersaturation will be obtained and 
spontaneous nucleation in the gas phase may occur This 
problem can be solved by following route С as indicated 
in Fig 4, where in principle the gas mixture at high Τ is 
prepared in situ from an unsaturated silicon mixture in 
contact with a solid silicon source 
This disadvantage does not exist for growing m a posi­
tive temperature gradient, i£ , at the low temperature side 
of the solubility curve Low temperatures are preferred in 
hot-wall reactors, especially when lower total pressures 
are of advantage, in order to prevent damage of the tube 
and attack of the quartz ware 
Equipment and procedures —Basically, the system is a 
normal CVD system equipped with a furnace instead of a 
RF generator A schematic presentation including the gas 
mixing system is depicted m Fig 5 
The complete system is home-built and consists of a 
four-zone furnace with a total heated length of 135 cm 
The inner diameter of the reactor tube was 45 mm, with a 
total length of 260 cm, including the necessary load-lock 
provision With four independent controllers, any desired 
temperature profile can easily be adjusted 
Mass flow controllers and mass flowmeters controlled 
the flow of the hydrogen earner gas, the dichlorosilane, 
or tnchlorosilane and additional HCl For the present ex­
periments, the silicon samples [one side polished, low re­
sistivity, Sb doped, (100) orientation, with a diameter of 5 
Hl S.HCI] S-Wjüj H I 
Fig 5 The qpporatus used in th· growth experiments con mts of α 
lour-zon· himoce in which » о long quartz tube such (hot the lood 
con be Mushed at room lemperature before introduction into the fur­
nace All gase« con be directed to the vent when needed (not shown 
in the figure) The slices can be positioned parallel to or perpendicu­
lar to Hie gas ttream, the «Kperimental results being comparable 
cm], were cut into two parts and placed parallel to the 
long axis of the furnace This has the advantage of giving 
a small disturbance on the flow characteristics, it has the 
disadvantage that because of the high heat conductivity 
of the silicon, the upstream part of the crystal is some­
what higher and the downstream part is somewhat lower 
in temperature than would correspond with its position in 
the ñirnace (for positive Τ gradient in the flow direction) 
In additional experiments it has been shown that the 
slices can be placed parallel to or perpendicular to the 
main gas stream without significant differences in 
growth rate and crystallographic quality 
The moisture and oxygen content of the H, c a m e r gas 
was always below 1 ppm The total flow (NTP) was al­
ways 3 5 liter/min, giving a gas velocity of about 15 cm/s 
at the growth temperature 
The sample holder loaded with u p to 20 slices is intro­
duced into the cold part of the quartz tube, purged with 
N.. and Hi, then slowly moved into the hot furnace Just 
before the start of the growth experiments, an m situ HCl 
etch was performed with 0 b% HCl for 5 mm The etch 
rate of silicon by HCl is rather independent of tempera-
lure between 900° and 1200"C and amounts to 0 02 μτη/τπιη 
(21) for the given HCl content 
Results 
Experiments were performed with SiHCl, as well as 
with SiH.Cl, as silicon sources SiHCL, was taken to study 
(i) the effect of the input concentration on the growth rate 
(this gives indication about the practical usable concen­
tration for growth and gives information indicating 
whether the equilibrium situation is achieved) and (tt) the 
influence of the temperature gradient on the growth rale 
With SiH^Clj it is possible to check whether a similar 
growth will be observed for a given Si/H and Cl/H ratio аз 
obtained with SiHCl, This directly gives proof that equi­
b b n u m situations are attained m both situations 
SiHCWHCl/Hi mix tures—In order to obtain homoge­
neous epitaxial layers with good crystalline qualities at 
reasonable growth rates, a number of initial requirements 
have to be fulfilled when growth is to be performed in an 
oven 
1 For optimal crystalline quality, the temperature range 
should be as high as possible (> 1200 K) 
2 The adsorption of, e g , chlorine should be as low as 
possible, which is favored by high temperatures and low 
chlorine content 
3 The solubility of silicon preferably should change lin­
early with Τ in order to achieve constant growth rates in 
the temperature gradient of the furnace 
4 The slope of the solubility curve should be as steep as 
possible to obtain high growth rates and high yields 
5 Deposition on furnace wall and quartz boats has to be 
prevented 
From the solubility curves as presented in Fig 2 and 3, 
it can be seen that the requirements can best be met for 
Cl/H = 0 06 and ρ - 1 bar. For this ratio, a reasonable 
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value for dL/dT is obtained at high temperatures In addi­
tion, the chlonne content of the gas mixture is relatively 
low, which favors a small coverage of the surface with 
chlorine A temperature region around 1200 К should be 
preferred to guarantee constant growth rates Since it can 
be expected that the crystalline perfection for Τ <r 1200 К 
is not optimal, the temperature region above Τ - 1220 К 
was chosen, accepting beforehand that the growth rate 
theoretically should decrease at higher temperatures 
(smaller absolute values of dL/dT) For an equilibrium 
mixture (y = 0) at the entrance of the furnace, it is ex­
pected that the growth rate starts at zero, аь soon as the 
mixture comes out of equilibrium because of the temper­
ature gradient, a constant growth rate should result With 
the gradients used, every centimeter in the ftimace gives 
a change in equilibrium concentration corresponding to 
γ = 0 1% Several growth expenments have been per­
formed, some results are presented in Fig 6 and 7 For 
Cl/H = 0 0604, vanous mixtures with a silicon content 
above and below the equilibrium value at the tempera­
ture at the entrance of the furnace (1220 K) were used 
From the figures, it is apparent that etching occurs over 
the temperature range where the у of the first wafer is 
negative (Fig б, у = - 5 0) Etching turns into growth al­
most at the point which theoretically was calculated In 
this respect, the experiment is in agreement with theory 
FOT low initial supersaturaüons, no growth is observed on 
the first slices, whereas the growth rate increases on the 
following slices Above χ = 70 cm, the growth rate drops 
drastically because of the decrease in (dL/dlb In Fig 6, 
every value of χ represents a specific temperature, re-
plotling Fig б as log G vs 1/T (Fig 7, γ - 10%, dT/dx - 2 
K/cm) shows that only above 1000DC a constant plateau is 
reached Even with a value of y independent of x, t h e 
growth rate is limited by slow surface reactions at the 
lower temperatures Higher initial supersaturations in­
crease the growth rate at lower temperatures as long as 
the gas mixture is not yet in equilibrium For γ = 6 4 and 
4 8%, no silicon deposit was observed on the quartz ware 
of the reactor cell or on the wafer boat For γ - 10%, a 
slight deposit on the wafer boat in between the first four 
slices was observed For higher initial supersaturations, 
the first part of t h e boat u p to the fourth slice was cov­
ered with silicon, beyond this fourth slice, only the n m of 
the boat was slightly covered 
By comparing the equivalent e x p e n m e n t s at different 
dT/dx, the highest growth rale is observed for the highest 
temperature gradient (Fig. 8) A general trend observed in 
all expenments is that for a given dT/dx all growth 
curves converge to the same growth rate 40-50 cm from 
the entrance This may be an indication that equibbnum 
has been attained from that place 
The surface morphology of the grown layer strongly de­
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Fig 7 The silicon growth rate in the furnace system plotted as о 
function of reciprocal temperature for Cl/H — 0 06 in a mi ι ture of 
S I H C I I HCl and H , a temperature gradient of 2 K/cm and an initial 
supersoturation of 10% The curve shows the some character as in a 
cold-wall system at much lower chlorine content 
At low temperatures, the surface contains many growth 
hillocks, at temperatures between 1050° and ЮвСС, the 
number of Large growth pyramids is reduced, but many 
small bunches which have grown out almost isotropically 
are observed, whereas at high temperatures (T > 1080'C), 
the surface is almost free of defects (Fig ) For the sur­
face morphology, the temperature is more important than 
the degree of supersaluration It must be remembered 
that, although the initial supersaturations may change, a 
constant Cl/H ratio is always present, so that most proba­
bly the same chlonne surface coverage is also present for 
experiments at the same temperature For the highest 
growth rates (high temperature gradient, high y initial) 
and low temperatures, locally polycrystalline growth 
could be observed on the first slices in the wafer boat 
Except for these cases, all epilayers were monocrystal-
hne It has to be stressed that selective growth is nearly 
perfect for small supersaturations, below γ = 10% 
Growth on silicon is possible then without deposition on 
the quartz tube or boat 
SiHjCii HCl Н
г
 mixtures —The expenments with 
SiHjCL were performed to check the validity of the prin­
ciple For the same Cl/H ratio, temperature gradient, and 
initial supersaturation, one would except the same 
growth curves as obtained in the equivalent SiHCI, exper­
iment Figure 10 gives the result for such a series of ex­
penments, which have to be compared with those col­
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Fig 8 The silicon growth rote os α function of the temperature gradi­
ent m the furnace, measured at 1300 K, for Cl/H - 0 06 m Им SiHCIj· 
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Fig 9 Surf осе structures obtained a t d i f f e r e n t temperatures For 
Cl/H = 0 0 6 and a loyer thickness of about 2 0 μτη A t the higher 
t e m p e r a t u r e ! , smooth surfaces are o b t a i n e d , sometimes with charac-
teristic "half moon terraces" and full-size hillocks Top, 1 0 0 0 X , mid­
dle, l O S O X , bottom, 1 0 8 0 С T h e half moon terraces are indicated 
with an arrow M a g n i d c o t t a n JOOx before reproduction 
growth curves are very similar, including a complete ab­
sence of silicon growth on the boat On the other hand. 
the surface morphology for SiHjCb-grown layers is not as 
good as for SiHClj-grown layers under identical condi­
tions The epilayer is monocrystalline, but many small 
hillocks are present at these temperatures and growth 
rates, where the SiHCI, grown layers are nearly defect 
free This unexpected feature wiU be discussed below 
Experiments were also performed at higher Cl/H ratios, 
using mixtures of SiH Cl.-HCI and Η Equilibrium con­
centrations were calculated for Cl/H = 0 16 and 0 35 The 
latter case already represents a concentrated mixture of 
17% SiH.-Cl, and 26*7,- HCl in hydrogen In all cases, the 
temperature gradient in the furnace gave rise to silicon 
growth as expected, indicating the quality of the thermo­
dynamic data The growth rates, in the order of 0 1-0 2 
Mm/min, are plotted in Fig 11, the relatively high growth 
rate at lower temperatures is obvious for the more con­
centrated systems The quality of the grown layers was 
poor compared to growth at Cl/H = 0 06, even polycrystal-
Ime growth was observed at the lower temperature end of 
the furnace Again, silicon depobit on quartz ware was ob­
served for supersaturations exceeding 10% 
Discussion 
It has been demonstrated, e g . by Sirtl ei al (22), An-
zumi (23), and Claassen (24), and mathematically founded 
by Bollen et αί (25) that by using the mechanism of se­
lective nucleation, growth of silicon is possible on sur­
faces with low nucleation barners, ι e , on sibcon itself, 
whereas no growth will occur on foreign surfaces The 
present work demonstrates that this principle can be ex­
tended to all SiO surfaces within a furnace system, thus, 
epitaxial growth of silicon is made possible in a hot-wall 
reactor Contamination of walls and boats can be pre­
vented piovided a low supersaturalion can be maintained 
m the entire system The experiments have to be guided 
by a thorough knowledge of the thermodynamics of the 
system This point is illustrated in experiments with high 
Cl/H ratios, eg , Cl/H = 0 16 with 7 9% S i H X b and 14% 
HCl, and Cl/H - 0 3482 with 17 1% SiH ..CI, and 26 4% HCl. 
Experiments with these mixtures demonstrate the relia­
bility of the thermodynamic data on the Si Cl H system as 
selective growth sets in al y = 0 and is restricted to a nar­
row range of initial supersaturaüons up to 10% In the fol-
lowing the etch and growth behavior and the crystallo-
graphic quality of the layers will be sketched m order to 
come to some conclusions on the feasibility of the system 
Etch and growth behavior —As pointed out before, an 
equilibrium mixture entering the furnace will ideally 
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Fig 1 1 T h e silicon growth rate os o function of reciprocal tempera­
ture in S l H , C l f - H C I - H , system ot rfT/Ji * 2 K/cm ond three C l / H ra­
tios T h e surface reactions appear to be much faster in the more con­
centrated mistures (higher Cl/H ratio) 
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show no growth or etching In the temperature gradient 
imposed on the system, a supersaturation is then building 
up of the order of 0 1% per degree Figure 6 shows that 
with a gradient of 2 K/cm, about 40-50 cm are needed to 
bnng the gas phase into equilibrium This can be inter 
preted as a supersaturation of 10% being needed to come 
to continuous growth, this being improbably high, still, it 
is found that a steeper temperature gradient leads to a 
somewhat shorter pre-equilibnum zone 
Another possibility, however, points to the time needed 
to come to complete equilibrium For the chosen gas ve­
locity of about 15 cm/s, the results given in Fig 6 point 
to a preliminary stage of about Зь This view is further il 
lustrated in the senes of experiments with ЗіН
г
СЬ in 
which the temperature gradient is kept constant, the Cl/H 
ratio, however, is changed from 0 06 to 0 16 and 0 35 Very 
clearly, the t ime needed to come to constant growth is 
much shorter at the higher Cl/H ratios 
This behavior can be explained from the known charac-
tensUcs of the S IHÏCI* , SiHCla, and SiCl« systems (26, 27), 
in which two easy gas phase reactions are present 
Ξ ι Η , α , ~ SiCl, + Н
г 
[10] 
SiHCb -M. SiCl, + HCl [11] 
The SiCln concentration, however, can only be brought to 
the required equilibrium level via a surface reaction 
SiCl, + 2C1* -• SiCl4 + 2* [12] 
where CI* stands for an adsorbed chlorine atom on a reac 
tive silicon site (•) given by 
HCl + * — Cl* + 1/2 Hj [13] 
There is a slow reverse reaction 
ЗіСЦ + 2* — SiClt + 2C1- [14] 
This reaction is the cause of surface controlled kinetics al­
ready at 1100oC for SiCl« as t h e initial reactant (27) In t h e 
SiHjClj HCl input mixture, therefore, SiCl l t SiHCl3. and 
SiHjCl, can be present in near equilibrium concentrations 
via the rapid gas phase reactions [10] and [11] The forma­
tion of SiCL,, however, lags behind As long as SiCL, is 
missing, an excess of HCl is present It is known (21) that 
HCl etching proceeds at a constant rale rather indepen­
dent of temperature down to about 900oC (dependent only 
on the punty, !.e , oxygen content, of the gas) At 900eC, 
1% HCl gives an etch rate of 0 1 μτη/πηη, 1 5% HCl already 
0 25 д т / m i n In this way, the excess HCl can counteract 
the growth in situations where the complete equilibrium 
has not yet been established Changes in SiCl« concentra­
tion occur via reactions [12] and [14], a decrease in SiCl« 
content will take place slowly, rather independent of HCl 
content (27) The reverse reaction, formation of SiCl«, will 
be faster for higher HCl contents From Eq [12], the rate 
of formation of SiCl, and thus the rate of "equüibnzation" 
can be given as 
ÄSICU " К Psicij [ C l * ] 1 β К' psiClj Ρ HCflvHt 
= К" РЧІН»СІ! PHCL^ÍHÍ* [15] 
When we now compare the situation for Cl/H 0 06, 0 16, 
and 0 35, the rate of ЗіСЦ formation is calculated to m 
crease from 1 16 105 This may explain the short introduc 
lion time as a kinetic factor needed to conform the mix 
ture to a quasi-equilibrium one The temperature 
dependence of the growth rate in the SiHjClj/HCl system 
has been given in Fig 11 The diffusion-limited region of 
crystal growth is extended to much lower temperatures, 
presumably because of the enhanced surface reaction rate 
discussed before It has been postulated that for a 
diffusion-limited growth the surface quality will be supe­
rior to growth in a surface-limited region This supposi 
lion is not confirmed here, this point will be discussed in 
the next section It can be further mentioned that, in the 
region of constant growth, the growth rates found are not 
too far from, but always lower than, the calculated values 
and constant over the diameter of the substrates ± 40% 
According to Eq [8], we expect a typical growth rate of 
0 41 μπι/πτιη, to be compared with the measured rates of 
0 1-0 3 μΐη/ππη The calculated growth rate could apply to 
polycrysUlhne growth (9), for monocrystalline growth 
also, the density and velocity of atomic steps on the sur­
face will play a part 
Crystallographtc quality —Growth and etching in the 
Si-Cl-H system leads to smooth and perfect surfaces only 
at higher temperatures and relatively low etch and 
growth rates For the growth of silicon, Burmcisler (28) 
and Revesz et al (29) showed hillock formation and fac­
eting to occur as a function of growth rate and tempera­
ture A comparable change from monocrystalline to poly-
crystalline growth habit was observed by Bloem (30) Van 
der Putte et αϊ performed an extensive study on the sib-
con surface structure after etching with gaseous HCl (31) 
Figure 12 combines these experimental results, indicai 
ing regions in which good quality epitaxial layers can be 
grown as well as regions with bunched or even polycrys-
talhne growth, all on good quality substiates in the Si-
Cl Η system at atmospheric pressure Trapping of impuri­
ties or growth units has to be considered as the main 
reason for the occurrence of growth defects The ex peri­
ment i in the near equilibrium growth m a furnace are rea­
sonably m line with the data in Fig 12, some additional 
influence of higher CI ratios seems to be present At Cl/H 
= 0 16 and 0 35, a diffusion controlled growth regime ap­
pears to be present even at low temperatures The layer 
quality, however, is by no means superior to layer growth 
at the same temperature and growth rate m the Cl/H = 
0 06 system This can be caused by the increased adsorp 
tion of chlorme containing species Another point can be 
important too, ι e , the quality of the HCl gas used m the 
expenments The water content of the HCl may be ade­
quate for normal CVD use, in the concentrated mixtures 
(26% HCl at Cl/H - 0 35) a small impurity content already 
counts heavily 
At 1000CC the formation of sobd SiO, is possible for a 
water content exceeding 1 ppm More than 4 ppm m the 
HCl cylinder thus already may be sufficient to deteno-
rate the crystalline quality because of blocking of moving 
steps on the growing surface 
Good quality epitaxial growth at still lower tempera­
tures than given in Fig 12 are possible under UHV condi-
« o l 
Fig 12 The eip*rimentol growth morphologp in the St-CI-H system 
at atmospheric pressure as it depends on growth rate and growth tem­
perature Trapping of defect! and impurities ploys an important part 
in the determination of the resulting structure, low growth rates and 
high growth temperatures ore favorable there 
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Fig 13 Eiample of selective growth of silicon inside a window 
etched into an onde loyer on top of о silicon wafer 
tions (molecular beam epitaxy), where disturbing effects 
of undesired impurities aro minimized In this respect, 
the conclusion comes forward thai impurities have a 
stronger effect on the layer quality than the trapping of 
silicon containing growth units as such At the lower tem­
peratures the surface is heavily textured, going to higher 
growth temperatures, the (100) surface becomes smooth 
with isolated growth hillocks (Fig 9) Each hillock has a 
dislocation in its center, often hollow cores are observed 
Sometimos, however, a typical flat top is present Tsuka-
moto and van der Hoek (34) found the same type of de­
fect, called half-moon terraces, on garnets and explained 
them аз growth hillocks that have become inactive and 
obtained a fiat top On further growth they develop into 
the half moon terraces 
The hillocks have a mean deviation of 2 56° from (100), 
with a variation from 0 5 to 3 On the edges of grow ih re 
gions facets form on prolonged growth (Fig 13) mostly 
(111) faces are exposed and some (113) and (115) facets 
are also found A closer study of the faceting is underway 
A further point in favor of the furnace system is the ab­
sence of steep temperature gradients that can be the on 
gin of stress and slip in the substrates (35) 
Feasibility of the system —In CVD intended for growth 
of silicon on metallurgical silicon substrates for the pro­
duction of solar cells the crystalline quality obtained in 
the present setup can be quite satisfactory when the spe­
cifications for surface plananty can be relaxed an in­
creased surface area could even have some advantage 
Another attractive feature is the batch wise selective 
deposition of silicon in windows opened in SiO layers on 
silicon substrates in this application, thin layers are en 
visaged 
For other silicon device processes, the CVD in a furrace 
can be achieved satisfactorily only well above 100СГС The 
furnace process will gain when the surface quahtj at the 
low temperature side can be improved Working at lower 
oxygen impurity levels is one approach 
Introduction of SiCl, in the т л п gas stream reduces 
the amount of HCl needed and will help in bringing down 
the impurity content 
The growth rates obtained are in the order of 0 1-0 3 
μτηΐτηιη in order to obtain thick layers (<" 10 μπι), this 
rate is too low Therefore the selective deposition of sill 
con in oxide windows appears to be the most attractive 
proposition for practical use of the near equilibrium sys 
tern in the furnace 
Conclusion 
Chemical vapor deposition in a hot-wall reactor is possi 
ble without deposition of silicon on the quartz ware of the 
cell or the wafer boat In terms of crystalline quality the 
best results are obtained for growth with SiHCl·,, low 
Cl/H ratio, and high temperatures 
An important conclusion is the discovery of fast surface 
reactions at high Cl/H ratios, such that в gas phase 
diffusion-controlled growth rate extends down to nearly 
ЭОСРС in the furnace system In order to profit in the 
sense of improved layer quality, the water content has to 
be reduced to very low levels 
In general it can be staled that quite a number of ques­
tions are still present, but in principle a new and interest-
mg method to produce epitaxial silicon has become avail-
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CHAPTER 5 
NEAR EQUILIBRIUM GROWTH 
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THE Si-I-H SYSTEM 
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NEAR EQUILIBRIUM GROWTH OF SILICON BY CVD 
II. The Si-I-H system 
J.H.L. HANSSEN, A.A. SAAMAN, H H С DE MOOR, L.J GILING and J BLOEM 
Research Institute of Materials, Department of Solid State Physics, University of Nijmegen, 
Toernoomeld, 6525 ED Nijmegen, The Netherlands 
The epitaxial growth of silicon in the electronics industry tends to develop into two directions (1) growth at lower temperatures in 
order to obtain sharper p/n junctions, and (2) growth at lower costs for large scale applications in the field of MOS devices Both 
objectives have created efforts into alternative ways and means of epilaxjal growth, including the reconsideration of methods that have 
been postulated long before and never have reached matunty The chemical vapour transport of silicon in the Si-1 system is one 
example A thermodynamic analysis is given of the system, vanous results reported in literature can be explained satisfactorily 
Methods are given in order to obtain a high packing density of substrates in a near equilibrium hot wall reactor Expenmenlal results 
are shown, supporting the analysis given A low growth rate of silicon is possible on a number of substrates in a system where growth 
of sihcon on quartz walls and boats is prevented 
1. Introduction 
In the discussion of near equilibrium growth in 
the Si-CI-H system [1] it has been shown that in 
principle epitaxial growth of silicon on silicon can 
be executed in a hot wall reactor, such that no 
deposit of silicon on the quartz walls takes place. 
Because of the near equilibrium nature of the 
process, the supersaturation in the gas phase re­
mains small, leading to growth rates in the order 
of 0.1 μπι/min The number of wafers treated per 
batch can be relatively large, provided the hot wall 
furnace can be given a temperature gradient such 
that the system is brought out of equilibrium 
continuously; deposition of silicon then restores 
the gas phase equilibrium with the silicon sub­
strates 
In the semiconductor field the Ge-I system has 
been explored by Mannace [3] and the Si-I system 
has been desenbed in relation to a close spaced 
technique [4,5] It has also been shown that in a 
temperature gradient transport is possible in both 
directions depending on temperature and pressure 
[6] Braun and Kosak [7] showed the possibility of 
monocrystalline growth of silicon at temperatures 
as low as 750°C in the Si-I system In the quartz 
ampoules used in the Si-1 system, a marked segre-
0O22-O248/83/$03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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galion because of gravity is observed, especially 
the heavy iodides (Sil4, Sii,) show this phenome­
non. 
The present study is aimed at a thermodynamic 
analysis to indicate possible regions where chemi­
cal vapour transport, close spaced growth and near 
equilibrium growth in a temperature gradient can 
be performed with a possibility of success This 
study is of importance as the existing equipment 
for the epitaxial growth of silicon works with high 
supersaturations in a regime where gas phase dif­
fusion of species determines the growth rate This 
growth mode prevents a high stacking density of 
substrates in the reactor and keeps the equipment 
large and expensive 
The possibilities of near equilibrium growth, 
avoiding high supersaturations, have to be studied 
in order to see whether another type of reactor 
could be attractive In this respect the iodine sys­
tem is of importance because of the reported low-
temperature growth capabilities [7| A closer look 
at the St-I-H system is therefore desirable. 
2. Equilibrium calculations 
Thermodynamic data have been collected for a 
great number of gaseous compounds expected to 
J H L· Hanssen el al / Hear equilibrium growth of silicon by CVD II 407 
be important in the Si-I-H system, eg Si(g), 
Si2(g). Si3(g), SiKg), Sil2(g), S.I,(g), S.l4(g), 
SiHjKg), , I2(g), 1(g) [8-10] For every com­
pound the equilibrium constant Κ
ρ
 is calculated 
for the formation of the compound from the ele­
ments in their standard state at the temperature 
under consideration The total pressure, the tem­
perature and the I/H ratio are then used as input 
of a computer program to minimize the free en­
ergy of the system in an iterative procedure result­
ing in the partial pressures of all species in equi­
librium with solid silicon [1,11] 
Results are given also in terms of the solubility 
(¿ ) of silicon in the gas phase, being a summation 
of the partial pressures of all silicon containing gas 
phase components in which the partial pressures 
of a component is multiplied by the number of 
silicon atoms in the molecule of that compound 
In the Si-I-H system we thus have 
L = />s, + 2/>8,, + Эрз,, + Ры + Ps.1, + 
Fig 1 gives the gas phase composition for P101 — 1 
atm and I/H = 0 06 At low temperature Sil4 ap­
pears to be the most abundant silicon containing 
species and for T> 1100 К it is seen that Sil2 
takes over The resulting solubility curve is shown 
in fig 2 It will be appreciated that differences in 
solubility can give nse to transport of silicon in a 
temperature gradient, growth occurring at the tem­
perature where L is lowest and etching of silicon 
taking place at the site with the highest equi­
librium value of L 
Fig 3 gives some solubility curves for different 
I/H ratios at P101 = 1 atm and at temperatures 
between 1100 and 1480 К It is apparent that for 
iiHl>~~~^ 


















800 1000 1200 
-Т(Ю — 
к oo 1600 
Fig 1 Calculated gas phase composiuon in the Si-1-Н system 
as a funcuon of temperalure I/H - 0 06 f,^  - 1 aim 
Uatm) 
0 015 




Fig 2 The solubility of silicon ( ¿ ) deduced from fig 1 L is 
the sum of all the concentrations of silicon containing species 
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Fig. 3 The CdlcuUled silicon gds phdbc solubility L for ОіГГсг-
cnl values of l/H between 1100 and 14110 K, />,„, - 1 aim. 
I/H = 0.02, local minima and maxima develop in 
the L versus Γ curves. This is the more so in the 
Si-I system without hydrogen. Using these types 
of curve, it is possible to explain the experimental 
results reported in the literature [4,5,7]. Direction 
of transport as well as the magnitude of the driv­
ing force are reasonably explained. 
In a near equilibrium system, growth is ex­
ecuted in a temperature gradient. In order to ob­
tain a nearly constant growth rate between evenly 
spaced silicon slices, a linear decrease in solubility 
L with changing temperature is favoured [1]. In 
fig. 4, calculated solubility curves for a total pres­
sure of 1 atm and X/H - 0.06 are given for X = CI 
and X = I. Near equilibrium growth appears to be 
possible between 1200 and 1400 К in the CI 
system when an equilibrium mixture enters the 
reactor at the low temperature side and loses sili-
0030 
\ VlHonrw-systtm 
0020 \ ' 
J \iodine-syslem 
LUlm ) \ 
0 015 ' \ 
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T(K) • 
Fig 4 Comparison of the Si-CI-H and Si-I-H systems, 
calculaled JC X/H - CI 0* and Pm - 1 atm 
con going to the higher temperatures. At 1 atm 
and I/H = 0.06 the iodide system appears less 
attractive in this respect. At some higher X/H 
ratio the situation becomes different and fig. 5 
shows a comparison between the chloride and 
iodide systems at X/H = 0.22 and three different 
total pressures. It is seen that the iodide system at 
reduced total pressures shows a long range of 
temperatures where a near equilibrium growth ex­
periment could be performed. 
3. Equipment and experimental results 
A four-zone furnace of 100 cm total zone length 
has been assembled in which a 55 mm quartz tube 
is inserted. The tube is long enough to enable 
flushing of the load at room temperature. Then the 
boat with the slices is brought into the temperature 
1 2 8 
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(Cl/H=022) (I/H = 022) 
- T - » 
Fig 5 As fig 3, for X/H = 
pressures T- 1100-1480 К 
0 22 and three dirferent lotal 
gradient Mass flow meters are used to monitor the 
following gases H2, He, HCl, HI and SiH4, I2 
can be delivered by means of a thermostated I, 
evaporator. 
- I T O — про insn 
"Vais;' 
— "Ці«-) — 
Fig б Expenmental growth rate versus temperature in the 
furnace in a near equihbnum situation, plotted as log R versus 
1/7", dT/dx - 2 K/cm ond I/H = 0 06 
Mixtures of H j and He can be used to simulate 
the thermodynamic situation at lower total pres­
sures. In the Si-I system, He is also used as a 
camer gas. An internal sibcon source is needed to 
bring the incoming gas into equilibrium, the first 
slices of the load are used for this purpose. In the 
initial expenments the slices were halves of 2 inch 
wafers positioned every 5 cm along the boat. Dur­
ing the expenments a white deposit of Sil4 appears 
at the outlet of the quartz tube outside the furnace 
system. Reaction of SiH4 with HI already takes 
place at temperatures around 100°C, indicating 
that equilibrium conditions will be reached easily 
at higher temperatures 
Some results are given in fig. 6 where log R is 
plotted versus 1/T The temperatures quoted are 
equivalent to the position m the furnace in which a 
linear temperature gradient of 2 K./cm was main­
tained The gas enters at the low temperature side. 
There is no drastic reduction in growth rate at 
lower Τ as was found in the Si-Cl-H system [1] 
The higher growth rate at lower Τ comes from a 
steeper L versus Τ curve below 1330 К (see fig. 2). 
Up to U W C a nearly constant growth rate is 
achieved These results confirm the thermody­
namic expectations, as the growth rate can be 
predicted from the solubility curves. Furthermore 
there is no silicon deposit on quartz walls or boats 
and selective growth in oxide windows is perfectly 
possible with some facet formation along the edges. 
Moreover, it is obvious that the growth rate is 
orientation dependent. Slightly misonented (111) 
wafers as normally used in (111) epitaxial growth 
show a growth rate nearly a factor of 2 higher than 
that of (100) slices. This indicates that the growth 
is not only controlled by the supply of reactant, 
but that surface reactions play an important role, 
as can be expected in the near equilibrium system 
with its small supersaturations. 
The grown layers are monocrystallme, the den­
sity of growth hillocks on the surface increases 
with decreasing growth temperatures Only above 
lOSCC were perfectly flat surfaces obtained. In 
line with other observations [12,13], the hillocks 
originale at defects and impurities present at the 
interface The punty, especially of HI and I2, is 
not yet sufficient to guarantee perfect growth at 
the lower temperatures. 
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4. Feasibility of the system 
The thermodynamic analysis has shown that 
chemical transport of silicon in a temperature 
gradient offers good opportunities in the Si-I-H 
system. Transport of silicon from high to low 
temperatures as well as inverted transport direc­
tions are possible depending on the conditions. 
Extended regions are found where a nearly linear 
variation of silicon solubility as a function of 
temperature is present, enabling growth of silicon 
in a near equilibrium configuration without growth 
on quartz parts. Also for close spaced growth 
optimum conditions can be identified. Especially 
growth at the high temperature side of close spaced 
wafers seems attractive, as possible oxides are 
transported to the colder parts of the system [14]. 
The heavy iodides (Sil2 and Sil.,) segregate 
because of the gravity field; this causes local dif­
ferences ш growth rate. A horizontal position of 
the slices is therefore of advantage in this respect. 
5. Conclusions 
Both in the Si-Cl-H system possibilities are 
present for near equilibrium growth in a tempera­
ture gradient. The iodide system in principle offers 
the best possibilities for low temperature epitaxial 
growth. The Si-Br-H system is so close to the 
chloride system that specific advantages only will 
be very small. 
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THERMODYNAMICS AND KINETICS 




DURING GROWTH AND DOPING 
OF III-V COMPOUNDS BY CVD 
SUBSURFACE TRAPPING DURING GROWTH AND DOPING OF I I I - V COMPOUNDS BY CVD 
Abs t r ac t 
When growth I s f a s t e r than the exchange v e l o c i t y of atoms adsorbed on 
the s u r f a c e wi th the atoms in the subsurface l a y e r s , subsur face t r a p p i n g 
w i l l occur . This i s demonstrated us ing as an example t h e i n c o r p o r a t i o n 
of s u l f u r i n GaAs by CVD: a t low growth r a t e s the subsystem of su l fu r i s 
in complete e q u i l i b r i u m , whereas a t growth r a t e s l a r g e r than t h e 
d i f f u s i o n r a t e of S in GaAs the i n c o r p o r a t i o n i s k i n e t i c a l l y c o n t r o l e d . 
This r e f l e c t s I t s e l f in a s lope \ or a s lope 1 of t he p lo t of c a r r i e r 
c o n c e n t r a t i o n versus dopant input c o n c e n t r a t i o n . A q u a n t i t a t i v e 
agreement wi th t h e s l o p e , under equ i l i b r i um as wel l as t r a p p i n g 
c o n d i t i o n s , can be a t t a i n e d a f t e r e v a l u a t i o n of n j , K i o n and Ds-GaAs-
Although s u b s u r f a c e t r a p p i n g has been shown t o be a c t i v e for t he dopant 
e l emen t s , i t can be g e n e r a l i z e d t o a l l s p e c i e s p r e sen t in t he sys tem, 
I n c l u d i n g v a c a n c i e s , i n t e r s t l t i a l s and a n t i s i t e d e f e c t s . I t i s shown 
t h a t subsur face t r a p p i n g i s a r a t h e r genera l phenomenon dur ing growth 
and doping of I I I - V compounds. Whether CVD, MOCVD, MBE or LPE i s 
a p p l i e d , always the p o s s i b i l i t y of t r a p p i n g must be cons ide red , 
e s p e c i a l l y for growth a t lower t e m p e r a t u r e s , as i s normal for MBE. 
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1. Introduction 
During chemical vapour deposition always kinet ic steps are present 
accompanied by rapidly adjusted equ i l ib r ia . A pr ior i I t i s d i f f i cu l t to 
predict which step i s ra te determining. Only careful examination of the 
growth process, v iz . of the growth parameters, can give precise 
information to what extent a certain step is ra te l imit ing. For the 
elemental semiconductor s i l icon a f a i r knowledge exis ts about the exact 
kinetic steps during growth and dopant incorporation [ 1 ] . For the 
binary semiconductors th i s information i s s t i l l in an early stage of 
development and no clear picture exis ts where in the sequence of steps 
equilibrium i s present and where not. In l i t e r a t u r e a number of 
excellent experiments have been reported however, which can serve as a 
reference framework for theoret ical models as has been done for instance 
in the computer modeling of the Ga-As-Cl-H system, with and without 
sulfur doping [ 2 , 3 ] . From the viewpoint of completeness, computer 
modeling i s the wisest thing to do, but i t has the disadvantage of being 
non-transparant to the unexperienced In t h i s f i e ld . I t gives no clear 
direct picture where in the sequence of equi l ibr ia a kinet ic barr ier Is 
found and what i t s physical background i s . And because there i s no 
dis t inct reason why a simple basic chemical approach should not lead to 
the same resu l t - with the additional advantage of giving transparancy 
in the analysis and also indicating immediately where and why the 
kinetic step i s present - such a simple analysis should be preferred in 
discussions of reaction mechanisms. 
To discuss the kinet ics of dopant incorporation in III-V compounds, 
the doping of GaAs with sulfur Is studied. The method which i s followed 
in th i s paper at f i r s t assumes that the growth r a t e i s so low that a l l 
s teps , leading to the dopant incorporation, can come into equilibrium 
with each other. From th i s s i tuat ion a c r i t i c a l appraisal Is given 
which step might break down when the growth r a t e i s ra ised . I t will be 
shown that a k ine t ic step which i s often overlooked in doping i s 
subsurface trapping. An excess of incorporated dopant atoms i s not able 
to diffuse out of the c rys ta l , since the growing interface i s 
propagating with a higher velocity. This mechanism was already proposed 
by Webb to explain point defect trapping [4] and was more mathematically 
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worked out by Chernov [5,6] who already pointed out the difference 
between doping under I n t r i n s i c and ex t r ins ic conditions. As done 
e a r l i e r in a preliminary paper [7], we will t r e a t t h i s subject more from 
a chemical point of view using the incorporation of S In GaAs as an 
exaraple. I t will be concluded that subsurface trapping can be generally 
observed for the Incorporation of dopants as well as for the i n t r i n s i c 
point defects In the growth of III-V compounds. 
2. The incorporation of sulfur in GaAs: experimental Information 
V>t M u d o 1 ' « ) 
Fig.1 
log η 
S-souroe used during the CVD of ОаАз. 
Experimental data from Centner [ 8 ] . 
Fig.2 
Experimentally observed growth rates for 
the four orientations of fig. 1 versus 
dopant concentration (Centner [8]). 
Doping of GaAs with S has been studied by Centner [8] , Veuhoff et a l . 
[9] and Heyen et a l . [10], a l l using the Ga-As-Cl-H system. The r e s u l t s 
as obtained by Centner are given in f igs . 1 and 2. In fig. 1 the 
carr ier concentration i s plotted as a function of the temperature of the 
elemental sulfur source, in f ig. 2 the growth r a t e versus the carr ier 
concentration. Since the vapour pressure of elemental sulfur Is known 
[11], the data of f ig . 1 can also be plotted as carr ier concentration 
versus the input p a r t i a l pressure of sulfur, or even bet ter the pressure 
of H2S; f ig. 3· This can be done because in the Hj atmosphere used In 
t h i s CVD process a l l the incoming sulfur quanti tat ively i s converted 
into H2S at the growth temperature, as can be shown by calculat ing the 
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equilibrium s i tuat ion (table 1). 
From fig. 3 i t can be seen that a 
slope 1 i s obtained for th i s 
incorporation process. The 
experiment was performed at a l l 
^ or ientat ions simultaneously. 
Striking i s the equal amount of S 
which i s incorporated for 111(A) 
and (111)B, despite a difference 
in growth r a t e of a factor of 10 
(fig. 2) . For (110) and (100), 
the quantity of sulfur which is 
bui l t in i s s igni f icant ly less 
compared to the (111) or ientat ions . 
Table ι 
Composition of the gas phase at 1025 K, 




H 2 S 
HS 
s 
H 2 S 2 
S2 
S 3 
-7 mol S and 1 mol 
l o g ?! (a 
- 0 . 0 
-8.H 








rates are higher than 10 ym/h. 
18 - 4 
about 3x10 cm . 
I t must be noted that a l l growth 
All or ientat ions saturate at a level of 
lug p*,,^ (bar) 
Flg.3 The same data as given in 
f ig. 1 transfered Into 
partial pressures of H2S. 
Flg.1 log η (77K) versus Input pressure of H2S 
used as dopant source during the CVD of 
GaAs (data from Veuhoff et al. [ 9 ] ) . 
Similar re su l t s were obtained by Veuhoff et a l . [9] who used H2S as 
the dopant source. From fig. 1 i t i s clear that now the log-log plot of 
η versus PHJS І З m o r e complicated: a slope 1 i s obtained for the (100) 
orientat ion, a slope % for (111)Ga, whereas the (111)As or ientat ion 
already saturates for small values of P H 2 S · The growth rates were 
12 μπι/h for (100) and (111)Аз, but 5 pm/h for the (111)Ca or ienta t ion. 
Heyen et a l . [10] also found a slope 1 but no growth r a t e was reported. 
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3. Equilibrium considerations 
In the process of growth and doping by chemical vapour deposition one 
can distinguish a number of chemical systems. Those of the growth 
uni t s , i . e . the gallium and the arsenic subsystems (which are coupled at 
the surface by the formation of GaAs) and the subsystem of the dopant 
element, which can be regarded as independent of the others. Here we 
will concentrate on the chemistry of the dopant element. In f ig. 5 
schematically the t o t a l equilibrium is sketched for the dopant compound 
H2S. Baslcly the process consists of equi l ibr ia in the gas phase, 
adsorption on the crystal surface, incorporation of sulfur at an arsenic 
s i t e and ionization In the bulk of the crys ta l . We will at f i r s t assume 
that the growth r a t e is so low that the t o t a l subsystem of S can achieve 
equilibrium. In the second approach we will then discuss the case that 
the growth r a t e is so high that the equilibrium in the S-subsystem has 





C r y s t a l 5 AS 
it 
SAS 
0 Ί-». e • h 




Fig.5 Equi l ibr ia for the dopant system in gas phase 
and in the so l id for zero growth r a t e . 
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3.1. Complete equilibrium in the S-subsystem 
It Is important to notice that the Incorporation of dopants in this 
case is determined by the partial pressure of the monatoraic dopant 
species in the gas phase [12,13]. Therefore, for the case of complete 
equilibrium in the sulfur system, one can write down the following 
equations for the dopant atom S which is generated from the HjS input 




H2S(g) І S(g) + Иг 
S(g) + * î S* 








C ) sfs + дз î SAS + ^із Кц = K d i f f -









[ S A S ] η 
Ts^T 
Here * is a free surface, step or kink site, S Is an adsorbed S atom, 
SAS an S atom at an arsenic site in the surface; дд and дд are arsenic 
vacancies in the surface and in the crystal, respectively. 
The total amount of sulfur incorporated in the GaAs crystal is given by: 
(6) [S l n c] - [S A s] + [S A a] 
A few remarks have to be made on the above given scheme. First, one 
can imagine that the surface can act catalyticly on the 
H2S decomposition. 
H2S* І S* + H2 
This of course may happen, but it is only of interest whenever 
kinetics play a role. If equilibrium is established - as is assumed in 
this section - the above mentioned process is irrelevant, it will only 
enhance the equilibration. 
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A second remark has to be made about the adsorption and Incorporation 
process. In principle all sulfur species which are present in the gas 
phase can adsorb (chemically or physically) on the crystal surface, but 
In equilibrium only monatomic sulfur will be Incorporated effectively. 
The others are too large to be accomodated within the lattice and will 
be segregated into the gas phase because of this instability. It must 
be reminded that because of a high adsorption energy, monatomic S will 
be enriched on the surface as compared with the gas phase. In this way 
an appreciable concentration of S* can be present at the surface. 
A third remark concerns the Incorporation process itself. This can 
take place at the step, but also directly at the surface when an 
adsorbed S atom tumbles into a surface vacancy. In both cases there Is 
equilibrium between the gas phase and the bulk of the crystal. The 
reaction given in eq. (3) is valid for both situations, only the 
character of the vacancy will change. 
3 
A last assumption is that sulfur Incorporated in the surface, 5д3, 
which is electronegative with respect to Ga and As, will not ionize. 
The physical argumentation for this assumption is that S-atoms in the 
surface layer - which have only two or three gallium neighbours - are 
not subject to the same potential field as the tetrahedrally bonded 
S-atoms inside the bulk. So there is no reason at all for them to 
follow the same ionization behaviour. In the language of energy bands 
it can be said that the S-atoms in the surface layer are filling the 
empty surface states which are positioned below the Fermi level. 
The reaction scheme (1)-(5) as given above, now can be worked out for 
further analyses. First consider the ionization process in the solid. 
Important Is whether the electron concentration η is determined by an 
intrinsic process as for instance: 
(7) О І e" + h + with iq - n^j - nt2 
or by the extrinsic process (eq. (5)): 
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+ -
 L ; : >AS-I n 
sAs <- sAs + e w l t h Kion = [-g ] 
The generation of intrinsic charge carriers of course is not limited to 
a process as given by eq. (7). Significant contributions can come from 
the ionization of intrinsic point defects, such as arsenic vacancies or 
interstltlals. The number of carriers may even be determined by 
background doping arising from e.g. Сдд or SlQ
a
. The point Is that at 
given growth conditions the electron concentration is fixed and 
independent of the addition of sulfur. As long as the electron 
concentration caused by these defects is smaller than the value of Ki
o n 








1 . 2 . 1 0 1 8 1.51 
9 . 5 - 1 0 1 8 1.12 
5 . 8 . 1 0 1 9 1.07 
The value of K i o n determines how much S is ionized during the growth 
conditions. In table 2 for three temperatures values are given for the 
ionization constant Kj
o n
, the intrinsic electron concentration nj, the 
density of states of the conduction and valence band N 0 and N v and the 
bandgap Eg of GaAs. The Intrinsic electron concentration was calculated 
using nj - /NCNV exp(-Eg/21<T). The ionization constant was calculated 
according to K i o n = }£NC ехр(-Ео/кТ) with E D = 6 meV for S in GaAs. This 
relation may only be used if classical or non-Ferml-Dirac statistics is 
18 -Я 
valid, which is reasonably true up to η = 2.7x10 cm , because at this 
value the Fermi level still is 66 meV below the conduction band, at the 
growth temperature, as can be calculated. For higher electron 
concentrations the ionization constant Ki 0 n becomes a function of η and 
must be calculated using the correct Fermi statistics. The n^, N
c
 and 
Eg values are from [14,15], taking Into account the contributions of 
higher lying conduction bands. 
T(K) K l o n 
77 1.15«10 
300 1 . 6 6 . 1 0 1 7 
1000 2 . 7 0 > 1 0 1 8 
Hi N c 
- 0 5 . 7 . 1 0 1 6 
г . г .ю
6
 ΐι.2«ιο 1 7 
3.6.10 1 6 5 . 8 . 1 0 1 8 
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For dopant incorporation the following three regions can be 
distinguished: 
1. the Intrinsic region with η - nj, 
2. the extrinsic region when n^ < η < Ki
o n
, 
3. the extrinsic region with η > Ki
o n
. 
The concentration of sulfur which is built In the lattice now will be 
calculated for these three regimes. 
3.1.1. Intrinsic region: η - nj 
In this case [Здд] < nj and the ionization of sulfur (eq. (5)) can be 
written аз: 
C S A 3 ] (8) [S A 3] - K l o n 
"i 
The essence Is that nj is constant and not dependent on the dopant 
concentration. From table 2 it follows that (Kic,n/nO = 7 5' 3 0 пеагіУ 
all sulfur is ionized: [Здд] - [Si
n o
]. Using eqs. (1)-(Ч), [Здд] can be 
substituted by [sf 3], [S*], Pg and P H 2 S · finally ending with: 
(9) [S i n o] - -¡q- K d l f f K i n c K a d a KT - ^ — Р Н 2з 
о 
where in addition P H s Is replaced by P H 2 S . as H2S dominates the gas 
phase (table 1). As [ дд] is determined by the Schottky equilibrium, 
which Is constant at given Τ and Рдд, and as Рн? » 1 bar, we can 
conclude that In the intrinsic region a linear relation exists between 
the dopant concentration in the crystal [Si
n c
] and the Input pressure of 
H2S for constant growth conditions. 
3-1.2. Extrinsic region: nj < η < Kj 
on 
In this part of the extrinsic region the dopant concentration is so 
high that η >> nj, so almost all electrons are donated by S and 
consequently: 
(10) [stg] - η 
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Eq. (5) for t h i s case becomes: 
(11) [S¡ 5 ] - (K l o n [ З А Д ] } * 
In t h i s part of the ext r ins ic region, s t i l l a l l incorporated sulfur i s 
ionized, so after subst i tut ion of [Зд 3 ] In eqs. (1)-(1) , we arrive a t : 




which gives r i s e to a slope % in the log-log plot of [ S i
n c
] versus P H ? S · 
3-1.3. Extrinsic region: with η > K\
on
 and η =• [Зд 3 ] 
From S A 3 t S A 3 + e" and K i o n -
isAsJ 
+ 
follows that the neutral 5д 3 must dominate when η I.e. [Зд3] becomes larger than K l o n. In that case [S i n c] = [ S A S ] , which will ultimately 
о 
result In a slope 1 in the plot of [5^ ,-,] versus PHOS· 
Finally at a certain value of [Si
nc
] the solid will be saturated by 
8д3 and the curve will level off. It must be noted that this atomic 
saturation level experimentally Is higher than the level where 
electrical saturation at room temperature (or 77K) occurs [9]. 
The total equilibrium behaviour, as deduced for these three regions, 
is combined in fig. 6. The measurements of the electron concentration, 
as presented by Centner and Veuhoff et al., have a one to one 
correlation with [Si
n c
], as all sulfur will ionize at the low 
temperatures, which were used for the determination of n, and also 
because η is above the intrinsic concentration. Therefore the total 
equilibrium curve for the three regions as depicted In fig. 6, can be 
compared directly with the experimental curves, given in figs. 3 and Ί. 
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log [ S « ] (cm· 3 )-
dopant saluration (growth temp ) 
*— 'oBPibs ( a u · ) HjS
Fig.6 Theoretically predicted curves for the Incorporation of 
dopants In GaAs for low and high growth rate conditions 
(equilibrium curve and trapping curve respectively). 
The position of the trapping curve Is orientation dependent. 
20 The saturation level at η - 10 has arbitrarily been chosen. 
3.2. Trapping of the dopant atoms during growth 
The predicted equilibrium behaviour with the c h a r a c t e r i s t i c slope У
г
, 
for ni < [ S j
n c
] < K i
o n
, in general i s not observed in the experiments of 
Centner and Veuhoff ( f igs. 3 and 4). 
A possible Influence of chemistry In the gasphase, for instance a 
predominant occurence of $2 or 5ц, cannot explain why the observed slope 
i s 1 instead of %, because such a dimer formation only would weaken the 
slope into 1/1) (for Sg) or even 1/ (for Зц), (see also [12] in t h i s 
respect) . Other models which explain the l inear behaviour by surface 
band bending or the ionization of I n t r i n s i c defects are also not 
completely sa t i s factory . These models will be given more at tent ion in 
the discussion sect ion. 
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So another explanation has to be looked for, which to our opinion can 
be found by considering the kinetics of the process. This means that in 
the scheme as given in fig. 5 a rate limiting step must be present. The 
equilibria in the gas phase and the ionization equilibrium in the solid 
are not thought to be slower than the growth rate, they normally have 
reaction rates which far exceed the rate of growth. An argument to 
support this view is that the incorporation of dopant is not inversely 
proportional to the growth rate as it should be if one of the gas phase 
reactions leading to monatomic S, or the supply of sulfur via the 
gas phase, were rate determining. However a very likely candidate is 
the exchange of dopant atoms between surface and subsurface layers in 
the crystal, which process is determined by the rate of diffusion in the 
solid. This equilibrium is given by eq. (4): 







Fig.7 Incorporation of adsorbed sulfur atoms, S , via a step (1) or 
directly (2) In an arsenic surface vacancy, |
э
, versus the 
outdlffuslon of sulfur fron the subsurface, S A s , to the surface. 
When the growth r a t e i s larger than th i s diffusion r a t e , incorporated 
dopant atoms cannot diffuse out of the grown layers to the surface and 
t h i s part icular part of the tota l equilibrium breaks down. This has 
been depicted in f ig. 7 where, incorporation via the step (1) and 
surface (2) i s sketched. Normally, in equilibrium, in the f i r s t 
subsurface layers a higher concentration of dopant atoms i s present than 
in the bulk of the crys ta l , due to the difference in the standard 
chemical potent ia l ; see f ig. 8. As the crystal is growing, a given 
layer i s effectively propagating towards the bulk, with an accompanying 
decrease of the equilibrium dopant concentration. So to obtain 
equilibrium incorporation a transport of dopant out of the j u s t grown 
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layers to the crystal surface raust occur [4]. When the growth rate G Is 
larger than the velocity as determined by diffusion of the Incorporated 
sulfur atoms In the subsurface, the dopant cannot be segregated anymore 
at the crystal surface and will be effectively trapped. So subsurface 
trapping is related with the growth rate measured normal to the surface. 
This in contrast to the phenomenon of step trapping where the lateral 
velocity of the steps determines the trapping. It must also be remarked 
here that the dlffuslvity in the first few atomic layers can be higher 
than in the bulk, especially because of a difference In vacancy 
concentrations. 
Surface Bulk 
Fig.8 Equilibrium sulfur concentration аз a function of the distance fron the surface. 
The dashed l ine refers to the situation after growth of an additional layer of 
thickness id. The excess concentration of sulfur, AS, which tends to be built 
in has to diffuse out of the subsurface. The ¡naximm) excess concentration In 
case of subsurface trapping Is [5дз] - [ 5 д 3 ] е Ч . This occurs for 0 > - (x - 1A). 
In the case of step trapping an excess of [ S 1 ] - [ З д з ]
е ч
 can be built in. 
I t i s important to notice that the phenomenon of subsurface trapping 
applies for the incorporation of dopant d i rect ly via the surface or via 
the s teps . Equilibrium may even be present up to and including these 
Incorporation processes (eq. ( 3 ) ) , the r a t e l imit ing step Is introduced 
after t h i s process (eq. ( 1 ) ) . For step trapping t o occur the growth 
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rate and also the lateral velocity of the steps has become so high that 
the adsorption - desorptlon equillbrlian at the step breaks down 
(eq. (2+3)). In this process up to the whole surface concentration of 
S can be built In. Thus the subsequent transport of dopants back to 
the surface must be substantial. However step trapping can only be 
observed in the final result if the diffusion in the subsurface also Is 
slow compared to the normal growth rate, so that the segregation of the 
excess incorporated dopants is hindered. Finally it must be noted that 
subsurface trapping can be observed for crystallographic rough growth as 
well as for growth via steps, in the latter case the lateral velocity of 
the steps Is indifferent up to the limit where step trapping occurs. 
In case of subsurface trapping the total dopant concentration in the 
solid consequently is determined by the concentration of trapped dopant 
atoms, which, using eqs. (1)-(3), Is given by: 
s [VASJ ° 
(13) LSinc] = [SAS] " Kinc Kads K1 -pjj— PHJS 
It should be noticed that Ki
nc
 as well as K
a (j 3 are dependent on 
orientation, Κ^
ηο
 is also a function of the amount of adsorbed S 
incorporated via the steps and surface. It is assumed that дд is 
Independent of the sulfur Input and constant, since the Schottky 
equilibrlun at the surface is determined by Рдд and PQ
a
. In this way a 
linear relation is obtained between [Si
nc
] and the input pressure of HjS 
for all regions of the electron concentration. 
In fig. 6 both theoretically predicted curves, the s-shaped 
equilibrium form and the kinetic trapping curve, are depicted. Indicated 
are the intrinsic and the extrinsic regions and the region where neutral 
S dominates. Both curves level off at a saturation value. The 
statement is that always a slope 1 will be observed if the growth rate 
is larger than the diffusion rate of the dopant atoms In the bulk. 
This can be quantified as follows. The basic and fastest step in the 
transport of incorporated dopant atoms is its jump to a neighbouring 
arsenic site. If this step takes, on the average, more time than 
growing a new layer, a sulfur atom will recede more and more into the 
bulk. The time to make a jump to a neighbouring arsenic site is given 
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by t - χ /D, with χ - Ч A. In this time the growing interface, with 
growth rate G, must propagate more than H A to trap the dopant, leading 
to: 
(14) G > £ 
A similar expression has been derived by Webb for point defect trapping 
[if] and by Chernov [5,6] 
This statement can be applied to the diffusion of S in GaAs. 
According to Goldstein, Frieser and Young and Pearson the diffusion 
coefficient of S at 750oC is 1χ1θ"1 cm2/sec [16-18]. This results in 
trapping of sulfur if: 
κΓ
1 4 
G > ^н· cm/sec = 0.15 pm/min - 9 pm/h 
4 x 1 0 
By comparing the experimental results (figs. 3,4) with this trapping 
condition a striking correspondence is observed. A slope 1 is observed 
for all experiments where the growth rate is 10 pm/h or larger; all the 
experiments of Centner and (100) and (111)B of Veuhoff. For a growth 
rate of 5 pm/h, as used for the (111 )A orientation of Veuhoff, a slope
 г 





changes in a slope 1 , just as predicted for low growth rates. 
4. Orlentatlonal dependence of the incorporation 
Under trapping conditions the (111)A and (111)B surfaces build in 
equal amounts of S, whereas (110) and (100) incorporate significantly 
less amount of sulfur (figs. 1,4), although all are in contact with the 
same gas atmosphere. The explanation for this phenomenon primarily is 
based on the presence of equilibrium in the gasphase including 
adsorption, especially for the arsenic and sulfur subsystem. This 
assumption is justified by the well-known fact that in the chloride 
system the desorption of chlorine via reaction with hydrogen at the 
steps is rate limiting [19]. Consequently all other preceding processes 
are faster, can achieve equilibrium and the growth rate is orientation 
dependent (fig. 2). 
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In this gaseous equilibrium situation each crystal orientation is 
exposed to the same vapour composition, with respect to Рс
а
, Рдз and P5. 
Both As and S have to compete for the same free surface site which is an 
arsenic site. As the end situation for each incorporated S-atom is the 
same, viz. four bonds with the CaAs lattice, and as also the begin 
situation Is Identical (gas phase composition), the only orientational 
dependence can be introduced during the adsorption at the surface or 
subsequent incorporation. In this respect It can be envisaged that 
surface relaxation and reconstruction, which are orientation dependent, 
energetically will have different effects on the incorporation of 
arsenic and sulfur. 
Both incorporation processes are given by: 
As(g) + д 3 І Аздз Ktot(As) - K a d s Kinc(As) 
S(g) + дд ; Sl3 Ktot(S) = K a d 3 K l n 0(S) 
where the incorporation includes adsorption at a surface site followed 
by reaction with a surface vacancy of arsenic. The final incorporation 
step into the lattice, I.e. covering of these subsurface positions with 
one atomic layer, is determined by the growth process itself. As the 
dopant is trapped, all the sulfur present in the subsurface will be 
buried and built in Into the lattice. 
Comparing the sulfur uptake of (111)Ga and (111)As, It is not to be 
expected a priori that the adsorption sites and surface vacancies are 
equal for (111)Ga and (111)As. In this respect, It must be noticed that 
for growth in the chloride system, predictions about the surface 
structure of (111)Ga are complicated by the fact that either the surface 
is covered by chlorine, or is arsenic enriched, due to the greater 
stability of arsenic stabilized structures. So a detailed atomistic 
picture is difficult to give here. 
The fact that equal amounts of S are Incorporated for the (111)Ga and 
(lll)As face, however points to the fact that the ratios of the total 




Ktot ( S ) 1 . [Ktot^S) ] 
(.KtotCAs) JdlDGa " l.Ktot(As) J ( 1 1 1 ) A 3 
which means that energetically the total bonding situation for the 
incorporation of S and As, at least for their ratio, must have been the 
same for both (111 )As and (111 )Ga, which is in accordance with the 
absence of surface relaxation for these orientations. 
On a (100) surface quite a special bonding situation exists. Here 
the dangling bonds of the arsenic atoms will form a dimer bond, i.e. the 
well-known (2хЦ)Аз reconstruction. If an arsenic atom is incorporated 
within a surface vacancy it is able to form a dlmer bond with one of the 
adjacent arsenic surface atoms. This results in an additional energy 
gain of ca 30 kcal/mol dimer [20]. Sulfur atoms however have an extra 
electron and cannot form such a favourable bond when incorporated. So 
arsenic may be preferentially incorporated in a surface vacancy, 
explaining why here less sulfur is built in as compared with the (111) 
surfaces, despite the same Рдз/Ps in the gas phase. In other words the 
adsorption energy for S has to be diminished with the energy for surface 
reconstruction, diminishing the sulfur concentration, as the dimers are 
broken upon adsorption. 
On the (110) surface the surface vacancies resemble those in (111), 
because also here three bonds are dangling. An important difference 
with (111) however, is the very stable relaxation of the (110) surface 
which gives a stabilization of 12 kcal/mol [21]. Analogous to (100) the 
incorporation of sulfur reduces the energy gain of the relaxation. 
However for (110) no new bond is formed, the surface atoms are only 
subjected to a Jahn-Teller distortion, which causes them to relax to a 
more stable position with an accompanying charge separation. Sulfur has 
already an extra electron, so the latter effect will be hindered. 
Therefore it can be expected that arsenic is favoured compared to 
sulfur, but less pronounced than on (100). 
This discussion stresses the importance of surface relaxation and 
surface reconstruction for the incorporation process. Here the 
difference in chemical nature between lattice atoms (As) and dopant 
atoms (S) will come out. Whenever a surface Is stabilized by the 
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lattice atom, its incorporation is favoured over the dopant atom. The 















(111)A = (111)B < (110) < (100) 
-0 kcal/mol < 12 kcal/mol < 30 kcal/mol dimer 
The principle of equilibrium and trapping can be applied more 
generally to other dopants and materials and to other growth methods. 
Most convincing for the above given model are the experiments 
performed by Nelson and Westbrook on Zn and Cd doped InP [22]. They 
indeed observed the predicted slopes % and 1 and could explain them by 
correlating the growth rates with the simultaneously measured diffusion 
coefficients, by means of SIMS profiling, using the condition D < Gx. 
Jacobs [23] observed a slope 1 for the incorporation of Te in GaP 
during CVD. Also here the growth rate is high (18 um/h) and much larger 
than the diffusion rate of Te in GaP at ЪЪО'С, the temperature where the 
growth was performed. So also here the adsorbed dopant atoms are trapped 




Wood and Joyce [24] doped GaAs with Sn during MBE growth experiments 
and obtained a slope 1 at Τ - 720 to 820 К for growth rates between 0.3 
to 1.5 um/h, which indeed is much larger than can be calculated for a 
complete equilibrium in the dopant system. Trapping typically can be 
expected for all MBE growth experiments due to the lower growth 
temperatures. 
Also In LPE growth experiments frequently a slope 1 is observed. 
Casey et al. [25] for instance published results on the LPE growth of 
GaAs doped with Te. Growth rates typically are 1 \im/h or larger, and 
this explains why for the incorporation process a slope 1 is observed as 
the equilibrium between bulk and surface atoms of Te is broken when 
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G > 0.9 μπι/h at the growth temperature of 1000 К [26]. 
The only other example known to the authors which represents an 
equilibrium incorporation process for dopant atoms is the Incorporation 
of Zn in GaP by Trumbore et al. [27]. Here the growth process took 
5 weeks which indeed might easily explain why equilibrium was achieved. 
It is evident that even the growth itself can be subject to trapping 
phenomena, аз shown by Webb [4]. Only very low growth rates can avoid 
that the intrinsic defects VQa. дз, Gai, А з і ' С аАз a n d А зСа a r e trapped 
during the growth of GaAs. From the diffusion data of Chiang and 
Pearson [28] it can be calculated that at 1000 К д 3 is trapped if 
G > 0.05 ym/h and if G > 3.5 pm/h at 1100K. On the other hand from the 
same data it is clear that VQ
a
 is rather mobile, it will only be trapped 
at 1000 К for G > 50 yra/h. This in contrast to the antislte defects 
which are almost immobile [15,29] and will be trapped under nearly all 
growth conditions. 
When GaAs is grown by M0CVD under a high partial pressure of arsenic, 
the surface layer will be rich In As which, at the typical growth 
temperature of 1000 K, will easily diffuse into the lattice creating a 
supersaturation of Asj. Bublik et al. [30] have shown that the creation 
of point defects on the arsenic sublattlce is much more likely than on 
the gallium sublattice. When the crystal is cooled this amount may be 
trapped and induce intrinsic microprecipltates of Asj. For such a high 
surface concentration of As also the probability of the antisite defect 
AsQa is rather large. This defect will be trapped and may give rise to 
electrical compensation effects. However the surface will remain smooth 
during these circumstances. For low Рд3 conditions the surface becomes 
rich in Ga. This gives a gallium rich surface layer which, by the 
gallium equilibrium, will ultimately result in gallium droplets. This 
leads to a rough surface for growth at 1000 К [31]. The trapped дд or 
Gaj are rather immobile and will affect the Schottky equilibrium in the 
bulk. Nevertheless it is to be expected that a smooth surface can be 
obtained under low Рд3, when the growth temperature is raised to 1100 К 




 can come into equilibrium. 
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6. Discussion 
The evidence presented in this paper, especially the data of Nelson 
and Westbrook, strongly points to subsurface trapping as a likely 
phenomenon during the growth of III/V compounds. This should be 
compared to the band bending model as discussed by Zschauer and Vogel 
[32] and used by Casey et al. [25]. In this model the concentration of 
electrons at the surface is constant and independent of the 
concentration of dopant in the bulk. It will be clear that this model 
indeed can explain the linear dopant behaviour because of the high value 
of nj, Independent of the amount of incorporated sulfur. However the 
model has difficulties in explaining the experimentally observed 
equilibrium Incorporation process where η » [S+], leading to a slope
 г
. 
Merten and Hatcher [33] tried to explain why at very high dopant 
concentrations the observed linear behaviour weakened to a slope < 1 and 
extended the band bending model of Zschauer and Vogel. For this they 
assumed that the diffusion of dopant through the space charge layer to 
the surface was a limiting factor. In their paper they already point out 
the inportance of the rate of diffusion with respect to the growth rate. 
Hurle [34] assumes that at the growth temperature a high concentration 
of electrons is present which are donated by an equally high 
concentration of ionized arsenic vacancies. Such a high and constant 
electron concentration indeed could explain a slope 1 for the 
incorporation of other dopants, but not that such an incorporation is 
orientation dependent as observed. It also fails to explain the 
observed slope
 г
 at low growth rates and, equally important, that a 
slope 1 also is observed under arsenic rich growth conditions where the 
concentration of arsenic vacancies is bound to be very low. 
The high concentration of дд as assumed by Hurle is based on a high 
value for the dimensionless entropy factor (viz. НЦ2) in his expression 
of the ionization constant, which value has been obtained by curve 
fitting. However the physical meaning of such a high value is 
-5 
questionable in view of the value 6«10 which should apply in this 
case, as can be calculated from the statical equation for the ionization 
constant which is given by Κ ι
ο η
 - ^ N 0 exp(-ED/kT). 
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In view of these arguments we do not support Hurle's model, but 
rather believe that trapping can explain the incorporation process. 
A problem still to be discussed із the incorporation of neutral Зд3 
at high temperatures which at room temperature are not electrical 
active. Neutron activation analysis clearly has shown that S has been 
20 -3 built into the lattice up to high concentrations -10 cm with a 
slope 1 [9]. This is still consistent with both equilibrium and trapping 
models. A straightforward explanation however has to be given for the 
observed saturation at room temperature of the electrical activity when 
the sample has been cooled down to room temperature. It can be expected 
that for the measurements at low temperatures, the dopant level will 
have disappeared into the conduction band, which will happen for dopant 
17 
concentrations above and around 10 , so all Incorporated S atoms should 
have provided one electron to the conduction band. The reason that this 
18 is not observed for [S] > 3*10 , may be due to sulfur precipitation at 
these high values of [3^
ηο
] which make them electrically inactive. 
Another explanation may be that the sulfur donors are completely 
compensated by arsenic interstitiels which can act as acceptors. The 
Asj can be produced by the incorporation process itself as given by the 
following overall reaction: 
S(g) І SAg + AS! 
Above a certain concentration of sulfur the Asj concentration will be 
dominated by this effect and donor-acceptor pairs are created, giving 
complete compensation, whenever Asj has a deep level. In S-rich material 
18 -Я for η > 2x10 cm indeed microprecipitates are observed, which by ТЕМ 
analysis appear to consist of faulted interstitial arsenic loops [35]. 
This may also explain the observed electrical saturation. 
The often observed slopes higher than one, basically can be explained 
by step trapping of dimers or polymers of dopants. Subsequent 
subsurface trapping prevent the unstable dopant species to be segregated 
at the crystal surface. This situation can only occur when these dopant 
molecules dominate as adsorbates and dissociate inside the lattice. 
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7 . Conclusions 
The above given a n a l y s i s has shown t h a t a c o n s i s t e n t l y fol lowed 
chemical approach can be useful when the c o r r e c t phys i ca l da t a a r e 
a p p l i e d . Using t h i s framework a l l t he r e p o r t e d doping phenomena can be 
expla ined in a l o g i c a l way without t he need for any assumpt ions . The 
e s s e n t i a l f e a t u r e of t h e model I s t h a t in I I I - V compounds d i f f u s i o n 
c o e f f i c i e n t s a r e low with the consequence t h a t the exchange between 
atoms a t t he s u r f a c e wi th those i n t he subsur face l a y e r s e a s i l y can be 
broken down when the c r y s t a l i s grown too f a s t . 
This phenomenon of t r a p p i n g can be avoided by us ing very small growth 
r a t e s . This c e r t a i n l y i s p o s s i b l e for growth by CVD, but more d i f f i c u l t 
for growth by MBE (due t o t h e low growth t empera tu res ) and a l s o for LPE 
because here t h e growth r a t e s a r e r a t h e r l a r g e a t r e l a t i v e l y low 
t e m p e r a t u r e s . 
The consequences of t r a p p i n g i n t r i n s i c d e f e c t s in l a r g e amounts a r e 
not f u l l y explored as y e t . I t may wel l be t h a t b e t t e r q u a l i t y e p i t a x i a l 
l a y e r s can be grown by avoid ing t h i s t r a p p i n g e f f e c t . 
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CHAPTER 7 
STABILITY AND REACTIVITY OF GaAs 
STABILITY AND REACTIVITY OF GaAs 
A b s t r a c t 
To ga in knowledge on t h e sur face p r o c e s s e s o c c u r r i n g d u r i n g high 
t e m p e r a t u r e t r e a t m e n t of GaAs, i t s s u r f a c e s t r u c t u r e , t h e gas phase 
compos i t ion of GaAs i n c o n t a c t with N2, Hj, H2O and HCl, and t h e phase 
diagram of GaAs, wi th s p e c i a l emphasis on s t o i c h i o m e t r y , i s s t u d i e d . 
Ana lys i s of t h e s t r u c t u r e of a (100) s u r f a c e l e a r n s t h a t t h e As-As 
d i m e r i z a t i o n i s very s t a b l e , s o t h a t (100) i s an F-face wi th growth and 
e t c h i n g v i a s t e p s . The ga l l ium r e c o n s t r u c t i o n I s not s t a b l e , as t h e 
e l e c t r o n d e n s i t y i s much lower . The s t a b i l i t y of t h e s t e p s on (111)Ga 
and (111)Аэ d i f f e r s c o n s i d e r a b l y . As on (111)Аз, ga l l ium determines t h e 
r e a c t i v i t y of the s t e p s , t h e absence of Ga-Ga d i m e r i z a t i o n , makes them 
u n s t a b l e ; i n c o n t r a s t with t h e s t e p s on (111)Ga, which a r e very s t a b l e . 
An e q u a t i o n i s der ived for t h e i n f l u e n c e of t h e gas phase composit ion on 
t h e s t o i c h i o m e t r y of GaAs. Based on дд and As^ t h i s s t a t e s t h a t t h e 
e x i s t e n c e r e g i o n i s extended more t o t h e A s - r i c h s i d e . Comparison wi th 
e x p e r i m e n t a l d a t a p o i n t s t o t h e f a c t t h a t o f t e n k i n e t i c s w i l l determine 
t h e s t o i c h i o m e t r y . A P-T p l o t of the phase diagram l e a r n s t h a t a r s e n i c 
i s e a g e r t o e v a p o r a t e due t o t h e s t a b i l i t y of A32. A s tudy of t h e gas 
phase composi t ion of GaAs shows t h a t g a l l i u m h y d r i d e s can be of some 
importance i n e t c h i n g . I n t r o d u c t i o n of HCl or H2O i n the gas phase 




Gallium arsenide is an interesting material to study, not only 
because it is increasingly important in opto-electromc applications, 
but also because of the fundamental aspects related with the binary 
character of the compound. It is known that small deviations from 
stoichiometry in the bulk of the material can have drastic effects on 
the electrical properties; off-stoichiometry in the surface layers 
rather influences the incorporation, or removal, of gallium and arsenic, 
or the building in of dopants. 
A point which has had too little attention so far, is the relation 
between the stoichiometry of the crystal, during high-temperature 
processing, and the composition of the ambient gas phase. Two aspects 
should be considered in this respect: the reactivity of the gallium and 
the arsenic atoms towards species introduced in the gas phase, and the 
tendency of the crystal itself, to evaporate and build up an arsenic and 
gallium pressure. Because of this latter aspect, GaAs tends to become 
poor in arsenic at the high temperatures where gas phase etching or 
epitaxial growth is performed. This is a general feature of all III-V 
compounds and especially important, when crystals are heated to very 
high temperatures, or heated at low pressures [I-3]. Especially for InP 
this can cause deterioration of the surface quality of grown layers, but 
also for GaAs it is necessary to use an overpressure of the V compound 
in order to suppress the incongruent evaporation. It is not well 
understood to what extent this is really needed. 
The reactivity of GaAs towards oxygen and chlorine is interesting to 
study in order to get a better understanding of the etching process with 
H2O and HCl. These etchants are important in the transport of GaAs, as 
well as for in situ etching, used to clean the crystals prior to 
deposition [4]. In the latter systems it is important to have a 
detailed knowledge of the thermodynamics and kinetics of the etching 
process to obtain a good morphology and good electrical properties of 
the epilayer [5,6]. In this respect it is essential to maintain the 
stoichiometry in the surface layers and to avoid surface processes to 
become rate limiting, since then the etching becomes defect sensitive 
and orientation dependent. 
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This study intends to give a theoretical background for high-
temperature gas phase etching and for the tendency of arsenic to 
evaporate in atmospheric CVD processes. Three aspects, which had up to 
now too little attention are discussed: the structure of the crystal 
surface at high temperatures, the gas phase composition in etching and 
evaporation, and the point defect equilibria In the solid. 
2. Structure and properties of GaAs surfaces 
2.1. Adsorption of H 
Essential for a description of surface processes at high temperatures 
is, that the crystal surface can be considered to be bare. Etching and 
growth can proceed via diffusion of reactants to step and kink sites, 
where the chemical reaction can take place. The most notorious 
adsórbate in CVD systems is monatomic hydrogen. It is known to form 
strong chemical bonds with semiconductor surfaces and Is usually present 
in rather high concentrations in the gas phase. Therefore the coverage 
of this species is discussed. For the Ga-As-H-O and Ga-As-H-Cl systems 
as discussed in section 3, the hydrogen coverage will dominate over the 
coverage with etchants. Their concentration on the crystal surface will 
be low, only at step and kink sites they can accumulate [7]. 
The Η-coverage Is calculated assuming Langmuir chemisorption 
following the model of Oiling and de Moor [8]. As the bond strength of 
As-Η closely resembles that of Ga-H, 65.2 respectively 64.1 kcal/mol (as 
can be derived from table 1), it is assumed that the coverage is equal 
for arsenic and gallium sites. In a first approximation the coverage of 
every crystallographlc orientation can be set equal, as hydrogen forms 
only one bond on all surfaces. However it should be realized that, when 
relaxation or reconstruction is removed by the adsorption process, the 
coverage is reduced considerably [9]. Then the adsorption energy gain 
must be reduced with the reconstruction or relaxation energy. As 
polarization plays an Important role on the surface of binary 
semiconductors, As being negatively and Ga positively charged, and 
Jahn-Teller distortions makes As more susceptible to adsorption, it 





Flg. 1 Adsorption of H on an As- or Ga-site of a CaAs surface. 
Gas phase 1 atm Н
г
 In equlllbrlum with H. 
Bond strength Η-As or H-Ga 65 koal/mol, bond length 1.55 A. 
In fig. 1 the hydrogen coverage is shown for a GaAs surface. It can 
be seen that at low temperatures the coverage with monatomic hydrogen is 
complete. At 600 К the coverage diminishes and becomes negligible above 
1000 K, the temperature where monocrystalline growth and smooth etching 
can be observed. Comparing the H-coverage of GaAs with a 31(111) 
surface, which is extensively discussed [8], it can be seen that the 
curve is shifted -300 K. It can be expected that surface diffusion is 
not hindered by adsorbed hydrogen above 900 К [12]. So the conclusion 
indeed is that, at high temperatures the surface is essentially bare, 
allowing monocrystalline step growth and smooth etching. 
2.2. The structure of steps on {111} faces 
The most important semiconductor surfaces are (111)A, (111)B, (100) 
and (110). For an understanding of the surface processes, the structure 
of each orientation is discussed. A special emphasis is laid on the 
consequences of the structure for step growth. 
The binary character of GaAs is most prominent for the (111) face. 
The crystal surface is either terminated by gallium or by arsenic. The 
surface atoms have one protruding dangling orbital and three bonds 
inwards the crystal with As, respectively Ga; fig. 2A. As arsenic is 
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electronegative compared with gallium, t h i s r e s u l t s in an electron 
deficient (111)Ga surface on one side and an electron rich (111)As 
surface on the opposite side of a crystal s l i c e . 
Fig . 2 A) Cross-section of a (111) surface. 
A (111)Ga surface i s shown on top, (111)Аз at the bottom. 
At the left-hand side a [ Ï Ï2] -3 tep Is depicted with a {1001 character , 
at the right-hand side a [112]-step with a (ПО) character , for ( l l l ) G a . 
B) Topvlew on a (111)0a surface, showing the threefold symmetry 
of the <ΐΪ2>- ( I ) and <112>-3tep3 ( I I ) , making an angle of 60°. 
In many experiments the polar character of the (111} faces is quite 
distinct. In room-temperature wet oxidation the (111)B face dissolves 
faster than (111)A, where primarily tetrahedrical etch pits develop at 
the outcrop of dislocations [10,11]; so towards chemical attack the 
Ga-face is more noble than the As-face. In thermal decomposition the 
evaporation rate is similar, but the morphology of the As- and Ga-faces 
is markedly different. On the latter surface triangular etch pits are 
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observed, the (111)B face is corroded in a noncryatallographio manner 
[3]. In analogy, for MOCVD growth, the morphology of (111)Ga is much 
better than of (111)As, for an identical gas phase input and growth 
rate. Under conditions where a (111)As surface shows irregular star-
shaped defects, on (111)Ga tetrahedrical growth hillocks are present 
[12]. The orientational dependence of the growth rate in chlorine 
epitaxy learns that (111)Ga grows fastest and (111)As slowest, all other 
stable faces having a growth rate in between [13,Ή]. 
(100} step 
{110} step 
Fig. 3 Schematic view on the two types of steps present on (lll)Ga. 
For the O00}-type steps asymmetrie dlmerlzatlon is Indicated, resulting 
In a negatively charged protruding Аэ-atom and a withdrawn positive one. 
The shaded atoms indicate the position of unreconstructed arsenic. 
The {1l0}-type step shows step relaxation; arsenic is moved upwards and 
negatively charged, gallium has sunk Into the surface and is positive. 
The shaded atoms Indicate the unrelaxed postions of the first two Ga and As. 
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In the latter two examples the importance of the structure of the 
steps on the growth process is acknowledged [12,15]. Though the 
affinity of the surface towards adsorption is important, the presence of 
steps is dominant in growth and etching, as {111} surfaces are F-faces 
for GaAs, a crystal with a zinc blende structure. In fig. 2A-B the two 
types of stable steps present on a (111)Ga surface are sketched. One 
type - [TÏ2], [T2Ï] and [2ÏÏ] - indicated with I, has a {100} character; 
the other type (II) - [112], [121] and [211] - has the character of a 
{110} face [16]. In analogy with a {100} surface it is energetically 
favourable for the [112] steps to reconstruct: the formation of dimer 
bonds; fig. 3 [17]. Only strong interactions with adsórbales are likely 
to prevent this dimerization. Because of this stabilization removal of 
the arsenic atoms is the rate limiting step in the etching via [112]-
steps. The gallium atoms have also two bonds when their corresponding 
arsenic step atom is removed, but it is unlikely that they form a bond 
with the gallium atom in the lower lying layer. The triple-bonded 
gallium has little tendency to move upwards and the electron density of 
the bond, which could be formed, cannot be high because of the positive 
character of Ga. 
The [112]-step has a {110} character, as it consists of <110> chains 
of Ga and As, so step reconstruction is impossible. Instead relaxation 
will occur; the gallium atoms move a little downwards, with respect to 
(110), and the arsenic upwards, with an accompanying transfer of 
electron density from Ga to As. Because of this Jahn-Teller distortion 
arsenic has become more susceptible to attack. The rate limiting step 
in the etching of a [112] step is removal of either As or Ga, which 
costs three bonds. Then a kink site is formed and in two directions the 
step can be stripped by breaking two bonds. So when step reconstruction 
plays an important role, etch pits are bound by type (I) steps. Then 
the pit expands slowest in the <112> directions [17]. 
Of course for the opposite (111)As face a similar step structure 
exists. The stability of the steps is strongly reduced however. As 
will be discussed in the paragraph on (100), gallium is not able to form 
as stable dimer bonds as arsenic, so step reconstruction will not be 
prominent for the <112>-steps. The possibility that instead, arsenic 
will form a bond with Аз in the lower lying layer is also unlikely, as 
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the triple-bonded arsenic can only move towards the arsenic step atom at 
the cost of considerable strain in the As-Ga bonds. For <112>-3teps the 
{110}-like relaxation is more effective with respect to the reactivity 
of Аз than for <112>-steps on (111 )Ga. Arsenic sticks more out of the 
(111)Аз surface and the largely filled dangling orbitals are 
geometrically more susceptible to attack. Gallium on the other hand, is 
more hidden and less accessible for reactants. 
So It is to be expected that on (111)As no distinct step pattern will 
be seen in contradiction to (111)Ga. The great stability of steps on 
the latter surface will inevitably lead to stable triangular etch pits 
for a wide range of temperatures and etch velocities. On (111)As the 
removal of arsenic from a step site is unlikely to be rate limiting and 
it is questionable, whether under conditions where arsenic is preferably 
removed from the crystal, etching via steps will be discernable. It 
could even be conceived that then arsenic is removed directly from the 
surface, explaining the rough morphology often observed [3,1]. 
Significant for adsorption on (111)Ga is the relaxation of the 
surface in the absence of interacting species. As calculated by Chadi 
[18] the (2x2)Ga relaxation stabilizes the surface 13 kcal/mol, an 
energy to be raised by the adsorption of e.g. CI, as this removes the 
relaxation [19]. According to Chadi such a stable (2x2) structure is 
absent for (111)As. Thus relaxation relatively favours the adsorption 
on (111)As, making removal of arsenic directly out of the surface more 
likely than removal of gallium out of a (111)Ga surface. All the same, 
both {111] surfaces are F-faces with steps as reactive sites. 
2.3. Surface reconstruction for (100) faces 
The most Important feature of a (100) face is the possibility of the 
surface atoms to form dlmer bonds. This changes (100) from an S-face, 
in the broken bond model, to an F-face. Evidence for this surface 
reconstruction is presented in UHV studies, where various structures are 
observed ranging from gallium to arsenic rich [20]. Basicly all 
structures show dimerization, often in addition with vacancy formation 
(the surface із then poor in As, or Ga, compared with a completely 
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Аз- or Ga-terminated surface). Most easily prepared are the Ga-rich 
(4x2), often mistaken for c(8x2), and the As-rich (2x4) (c(2x8)) 
reconstructed structures [21]. The basic features for these two types 
of surfaces will be treated here. It should be realized that the exact 
structure is not elucidated yet¡ fortunately in CVD studies this is not 
felt as a shortcoming. 
Broken Bond model 
1 I 
Broken Bond nxlel (2xd)As Reconsmictioo 
Fig. *) A) Сгозз-sectlon of an arsenic terminated broken bond 
and an As-dimerlzed (100) surface. 
B) Topvlew of a broken bond and a (2x1) reconstructed 
As-stabilized (100) surface. 
The dashed l ines indicate the (2x1) unit mesh. 
In f ig . 4A the dimenzation process i s sketched, resu l t ing , for 
(100)As, in the formation of surface bonds lying in the [01Ï] direct ion 
and a Jahn-Teller d i s tor t ion : a charge shi f t leading to negative Аз with 
a dangling bond pointing upwards and posit ive arsenic sunken into the 
surface. This reconstruction produces an energy gain of 
-30 kcal/mol dimer for the Аз-stabilized s t ructures [22]. I t can be 
shown that such a high reconstruction energy i s not easi ly raised by 
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adsórbales, resulting in reconstructed GaAs surfaces in growth and 
etching experiments, at atmospheric pressures and high temperatures [9]. 
In fig. IB the topview on a (100) surface is shown, assuming that the 
top layer of a (2x4) structure completely consists of arsenic. Due to 
the dimenzation, which stabilizes the surface in the [011] direction, 
(100) has become an F-face аз all the atoms in the surface layer are 
connected via strong bonds. Consequently random etching is unlikely at 
low undersaturations it preferably takes place at steps. After removal 
of the arsenic top layer a gallium surface is created, which is in 
principle identical to (100)As, apart from a 90° rotated reconstruction 
pattern. Whether a (2x4)As, a (4x2)Ga, or an intermediate structure is 
observed, depends on the relative stability of the arsenic and gallium 
surfaces. This is not only related to the reactants in the gas phase, 
but also to the intrinsic stability. 
Although firm evidence is not available yet, it is thought that the 
gallium reconstruction is far less stable than the arsenic (2x4) 
structure. Experimentally it is observed in MBE that the existence 
region, the Ga/Аз ratio of the impinging flux for which (i4x2)Ga is 
stable, is very narrow. For an increasing Ga-flux only an additional 
5Í, to the value where the (1x2) pattern is first observed, results in 
free gallium on the surface [21]. It is also observed that the arsenic 
content in the top layer is 30$ for the gallium reconstruction, whereas 
it is 100Ï for the arsenic stabilized structure [20]. This means that, 
in contrast to the As-reconstruotion, the gallium dimerization is not 
that stable to prevent formation of gallium vacancies. The reason for 
this unfavourable dimerization is the low electron density of gallium as 
compared to arsenic. In the a-polar limit, gallium contributes 3/4 
electron to each Ga-As bond. So for a broken bond surface, two gallium 
atoms possess 3 electrons, whereas two As have 5 electrons. According 
to Chad! et al. [22] the surface bonds formed In reconstruction can 
accommodate 5 electrons in bonding Orbitals, as long as 1 or more atoms 
are present per unit mesh. So in a (1x2)Ga structure only 3/5, or less, 
of the bonding capacity is used. As the gam in energy by forming new 
bonds and dipoles is partly counteracted by the distortion of the 
lattice in the surface and subsurface, the resulting reconstruction 
energy for gallium is at least halved compared with arsenic. This leads 
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to an easily removed Ga-dimerization upon adsorption [9]. 
So in CVD experiments it is expected that a (100) surface prefers to 
be arsenic rich, as the As-dimerization is energetically favoured to the 
Ga-reconstruction. The stabilization makes (ІОО)ОаАз an F-face, with 
steps as reactive steps, and arsenic, in principle, the most difficult 
species to remove. 
2.1. Surface relaxation for (110) 
Etching 
Fig. 5 A) Cross-section of a relaxed (HO) surface. 
B) Topvlew on a relaxed (110) surface. 
The (110) face i s the only stoichiometric surface which has been 
studied. As can be seen in f ig . 5A the surface layer i s relaxed. The 
Ga-As bond, which i s lying in the (110) plane for a truncated surface, 
i s rotated 27° towards [110], result ing in arsenic, which is raised and 
has become more negative, and gallium, more posit ive and sunken into the 
surface [23]. Arsenic i s now more or less in i t s atomic configuration, 
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3 bonds with gallium making angles of -90° and a filled s-orbital. 
Gallium is sp2 hybridized with an empty p-orbital. Towards chemical 
attack the polar character of Ga and As is enhanced by the relaxation. 
On the other hand the energy gain, 13 kcal/mol [21], caused by the 
relaxation, stabilizes both gallium and arsenic, as this has to be 
raised by adsorbing species [25]. 
In a topview on the (110) surface the stepped (S) character of the 
face can be discerned clearly, in the (110) plane a PBC is running in 
the [110] direction. The etching occurs row by row, once an arbitrary 
Ga- or As-atom is removed at the cost of three bonds, a whole bond chain 
(indicated in the rectangle) can be stripped by successive breaking of 
two bonds. As the surface relaxation only causes distortions within one 
row, they could etch, or grow independently, preserving the S-character. 
Yet the Coulomb interactions between the chains could give a 
stabilization in the [001] direction strong enough to couple the chains 
under conditions relevant for CVD, making (110) an F-face. So, the 
nature of (110) still is a matter of discussion. 
3. Thermodynamics 
Thermodynamic calculations are essential to obtain a first impression 
on the reactions of a GaAs crystal with its ambient gas phase [26-28]. 
The composition of the gas phase in contact with the crystal can be 
predicted, which in addition gives the possibility to calculate the 
adsorption of impurities and growth units on the crystal surface [8]. 
With a given composition of the gas input also the kind of chemical 
reactions that might occur on the crystal surface can be established. 
The difference between input and equilibrium composition leads to the 
amount of material to be etched or deposited and, which is the major 
point in this study, indicates whether gallium or arsenic is 
preferentially attacked by gaseous reagents. 
The best correspondence between thermodynamic predictions and kinetic 
measurements is evidently found at low under- or supersaturations, as 
for example for the growth in the Ga-As-Cl-H or Si-Cl-H system at high 
temperatures [28,29]. At low temperatures, or for reactants far from 
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equilibrium, it can be expected that kinetic barriers result in a 
(steady-state) partial pressure deviating from the equilibrium value. 
However the calculations still have their value, since the order of 
magnitude of the partial pressures and the direction of a specific 
reaction is given. 
In the subsequent discussion it should be reminded that the merits of 
a thermodynamic approach not only can be affected by kinetic hindrances, 
but also depend on the accuracy of the available thermochemical data. 
The determination of the enthalpy is always the limiting factor, as this 
has to be calculated from experimental partial pressures. Although 
these pressures strongly depend on the enthalpy, reducing the error, the 
accuracy is seriously limited by the difficulty to really attain 
equilibrium and by the interference of side reactions, making the 
determination of the partial pressure of a specific species ambiguous. 
Rare species are often experimentally unaccessible. In these cases the 
enthalpy has to be calculated from bond strengths, with a corresponding 
low accuracy, so that, because of the logarithmic relation, the error in 
the partial pressure can become orders of magnitude. On the other hand 
the entropy and heat capacity can be calculated rather accurately, using 
statistical thermodynamics, when the molecular structure is known and 
spectroscopic data are available of the species themselves, or 
analogues. 
3.1. Ga-As system 
A fundamental problem in the growth of III-V compounds is the 
incongruent sublimation of the V component at elevated temperatures. 
This makes it necessarily to apply an arsenic pressure over the crystals 
at all high temperature processing. This is quite critical, since 
defects in epitaxial layers are observed for too low as well as too high 
III/V ratios [30,31]. Also for optimum electrical and optical 
properties (near-Stoichiometric growth is preferred. A better 
understanding of the influence of the gas phase on the stoichiometry can 
be obtained by studying a P-T plot of the Ga-As phase diagram. 
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The basic reaction for GaAs in equilibrium with its vapour is given 
by: 
(1) СаАз(з) J Ga + As 1^  - РоарАз 
According to the phase rule, at constant T, for the gas phase in 
equilibrium with solid gallium arsenide, one degree of freedom is left: 
either the gallium or the arsenic pressure still can be chosen. Then 
the pressure of the other component and the total pressure is fixed. It 
should be realized that the total pressure is increased considerably by 
the possibility of As to polymerise to Asj, Asj and Азц. It is 
especially this recombination to more stable species which promotes the 
arsenic evaporation at high temperatures. The choice of a certain 
arsenic pressure determines also the point defect equilibria in the 
solid. So the deviation from stoichiometry of the GaAs crystal is fixed 
implicitly by the arsenic pressure. At the limit of the existence 
region of GaAs a second condensed phase is formed. Then Рц
а
 and Рдд 
evidently are fixed, so that the pressure of the III- or V-component can 
only be chosen between those related with the As- and Ga-liquidus. For 
the Ga-llquidus, which is most relevant in thermal decomposition, the 
gallium pressure is given by: 
(2) P G a - a(T) PQa 
As the liquid gallium contains arsenic when GaAs(s) is present, the 
evaporation is suppressed compared with the pure element (Рс
а
) and the 
activity (a) is lower than 1. Once the gallium pressure is known, the 
arsenic pressure can be calculated easily via eq. (1), as well as the 
related pressures of AS2, A33 and Asij. 
The difficulty in calculating the liquidus pressures is the value 
which should be taken for a(T). From a theoretical point of view it is 
moat elegant to start from the free energy of mixing of the binary 
solution and solve the resulting equations, or simplifications thereof, 
like the regular or simple solution model [32-3^]· When accurate 
pressure data are available it is also possible to fit experimental data 
(PQa) to thermodynamically derived values (PQa^ [35]. In this study the 
most simple model is used, the solution is assumed to be ideal, i.e. the 
mixing energy is zero. Thus the activity coefficient (Ύ) is always 1 
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and the activity (a) is equal to the concentration of gallium in the 
liquid solution. This leads to a total pressure of 0.9 atm for the 
Ga-liquidus closely near the melting temperature, in good agreement with 
the experimental value of 1.0 atm [36]. Application of a regular 
solution model with T
m e
it( G a A 3) - 1511 К and an entropy of fusion of 
16.64 cal/mol-K [33], would lead with our thermodynamical data set to 
8.1 atm. Obviously this theoretical model fits poorly with the 
experimental observations. 
Table ι 
Thenoodynamic data f o r the Са-Аз-Н system 
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4 H meU.Ga (302.9 K) - 1335 oal/mol 
^ m e l t . A s f ' 0 9 0 K > " S 8 1 1 2 cal/mol 
A l l species gaseous unless designated, ( 1 ) : l i q u i d , ( s ) : s o l i d 
1 7 0 
Evaluation of the thermodynamic data available for the Ga-As system 
learns that particularly the equilibrium between Ass and Аэц has been 
subject to many discussions. Unless great care is taken in Knudsen cell 
mass spectrometry, building up of arsenic in the ionization chamber, 
leads to too high Азц/Азг ratios [35]. Our data result in a low ratio 
consistent with the recent analysis of Tmar et. al [34]. In table 1 the 
complete data set is presented for the Ga-As system. As far as possible 
the collected data of Barin and Knacke are used to obtain a consistent 
set. New compared with most studies is the introduction of AS3 and the 
gaseous molecule GaAs. Log(jf? ) 
1 1 1 1 
Fig. 6 Partial pressures of gaseous arsenic and gallium species in equil ibnun 
with sol id GaAs along the binary l iquidi, аз a function of 1/T. 
GaAs-Ga llquidus - - - - GaAs-As liquidus 
In f ig. 6 the p a r t i a l pressures of the arsenic and gallium species 
are shown as obtained using the thermodynamic data of table 1 and Y - 1. 
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The composition of the Ga- and As-solutions is taken from Tmar et al 
[ЗИ]. Until 1250 К the gallium, respectively arsenic, pressure deviates 
less than ΙΟϊ from the value in equilibrium with the pure element. At 
high temperatures the gas phase is composed mainly of arsenic, for 
gallium rich as well as poor conditions. The gallium pressure however 
is at all temperatures comparable with that of monatomic arsenic, 
indicating that As itself is not eager to leave GaAs. At the melting 
point, 1513 К [34], the pressure is calculated to rise from 0.9 to 
7.0 atm. This is an artefact, introduced by the method of calculating 
the activity coefficient. If two condensed phases are present, here 
GaAs(l) and ОаАз(з), the pressure of the gas phase is fixed at a given 
temperature. So the ideal solution model is not completely adequate for 
a detailed analysis at temperatures very close to the melting point; 
then it is best to use experimental determined data, for example those 
of Rakov et al. [36]. At low temperatures the activity of the solutions 
approaches unity and good agreement with experimental data should be 
obtained, independent of the solution model. A33 is clearly present for 
the arsenic liquidus at high temperatures, however it can be neglected 
if only the total (arsenic) pressure is of interest. The evaporation of 
GaAs in molecular form is, for thermodynamical reasons, not of much 
influence on the total sublimation process. 
3.2. Stoichiometry in GaAs related to the gas phase composition 
If perfect growth or etching is aimed at, it is a necessity to 
calculate also the pressures related with the stoichiometric composition 
of the solid. Unfortunately this situation is experimentally not as 
easy accessible as the Ga- or even the As-liquidus. All experiments 
reported so far are ambiguous due to kinetic factors and impurities, 
such as Si and C, influencing the native defect distribution. As 
especially unintentional doping is irreproducible, only a theoretical 
evaluation is meaningful yet. 
It is assumed in this paper that the major native point defects are 
arsenic vacancies ( д3) and interstitials (.ks1). This is in accordance 
with Morozov et al. [ИЗ] and to a large extent with Hurle [44]. However 
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we do not agree with his conclusion that the vacancies are completely 
ionized; his entropy factor (442) in the ionization constant is too high 
[45]. So for [V
a s
] = [Asj] a GaAs crystal has a stoichiometric 
composition. The relation between the arsenic pressure in the gas phase 
and the creation of interstitiels or vacancies can be written down as: 
aViCVAsJPAs? (3) A s A s • ASi t Ass + V A 3 + Vi K 3 t 0 l c h - а д з (-дз^  
For low point defect concentrations the activity of arsenic on an 
arsenic site (Азд3) and the activity of interstitial sites (V^ is 
unity, so that the arsenic pressure, for the stoichiometric composition, 
is given by: 
d) PAS2 " Kstoich 
Table 2 
Thermodynamics of point d e f e c t e q u i l i b r i a In GaAs 
¿H iS 
kcal/mol kcal/mol'K 
о I v A 3 t v 0 a | B3 | 18.1 ι 
ASAs * Vi І VAS * AS Í | 71 | 18.1 | 
As2 Í 2AsA3 • 2V0a | 21 | -31 .0 | 
The data to calculate the equilibrium constant of eq. (3) are given by 
Morozov et al. [43] and depicted in table 2. A small correction is 
applied for the different enthalpy used for Asg, to obtain consistency 
with the data from table 1. Using these data it can be derived that for 
reaction (3): 
ΔΗ3 - 74 kcal/mol bSj « 49.1 cal/mol-K 
In fig. 7 the resulting AS2 pressure, РдзрС дд-Аз!), is plotted. It 
can be seen that the arsenic pressure needed to suppress the formation 
of arsenic vacancies is only low and that on the basis of this result 
incorporation of interstitial arsenic is easy. In other words the 
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existence region is more extended towards the As-rich side. Comparing 
this result with Hurle [lit] a great discrepancy can be noticed. 
Assuming the same point defects to be dominant, he concluded that 
especially at low temperatures GaAs can exist mainly as an arsenic poor 
compound. Yet Hurle did not apply a fully theoretical approach. He 
estimated the stability of кз1 using annealing data from Nishizawa et 
al. [46]. Also for other experiments of Nishizawa et al. [Ί7] (LPE), as 
well as for MOCVD [48], it is found that much higher arsenic pressures, 
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F l g . 7 Theoret ical and experimental Рд3 corresponding with stoichiometric GaAs. 
stoichlometry Nishizawa [47] 
дд-Asi only Frenkel disorder 
VAJ-VQJ. only Schottky disorder 
l iquidi 
A closer look at Nishizawa's resul ts learns that the Asj pressure he 
actually had to apply to obtain stoichiometric growth (converting his 
Ptot t o рАз? with o u r thermodynamic data) i s given by: 
P A 3 2 (atm) - e-TxIO^expf-lSxIC^/T} 
The act ivat ion energy found by Nishizawa was 36 kcal/mol, to compare 
with our theoret ica l value of 74 kcal/mol. Though the inaccuracy in the 
theoret ica l data is great , this cannot account for such a large 
discrepancy. The data of AS2 are rather accurate and the s t a b i l i t y of 
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arsenic vacancies is certainly not underestimated. The formation 
enthalpy of д 3 applied here Is 46 kcal/mol, whereas Van Vechten 
reported 60 kcal/mol [49], a value corrected by Hurle [44] to 
52 kcal/mol. That the formation enthalpy of interstitial arsenic also 
cannot explain the data of Nishizawa (and Hurle) can be seen in fig. 7. 
There it is shown that not only the stability difference between дд and 
Asj results in much lower theoretical stoichiometric AS2 pressures than 
experimentally found, but also the Schottky equilibrium between д 3 and 
оа> Sives that result at low temperatures. As the thermodynamical data 
for Vc
a
 are well established [43,44,49], it must be concluded that 
Nishizawa's relation is certainly not representing an intrinsic point 
defect equilibrium, when extrapolated to temperatures lower than 1000 K. 
Also for higher temperatures our theoretical relation gives a better 
description of stoichiometry. Suppose that all the same Nishizawa's 
curve does represent equal concentrations of дд and ASj^ . Then the 
theoretical model to calculate ΔΗ and Δ5 of arsenic interstitials [43] 
raust be discarded, аз the difference is much greater than the error 
limit. But more important, it implies that vacancy formation is 
dominating over Frenkel disorder below 1000 K. As this is in contrast 
to modern point defect theory [43,44,50], it is most likely that as well 
in LPE as in M0CVD kinetic factors are dominant in determining the V/III 
ratio in the grown layer. 
Nishizawa applied, in LPE experiments, an arsenic pressure to a 
gallium liquid in which a crystal was growing. Evidently this cannot 
represent equilibrlura¡ then only Ga-rich GaAs would be grown. So to 
achieve stoichiometric growth the gallium solution must be 
supersaturated considerably with arsenic. It is known from gas phase 
epitaxy that diffusion limited processes are quite common. As in 
liquids the diffusion coefficients are 3 to 5 orders of magnitude lower, 
large concentration gradients are likely to exist when the solution is 
not stirred. This can lead to an arsenic pressure, which is decades 
higher, than the equilibrium value. 
In M0CVD it is known that the stoichiometry is not determined by the 
absolute applied arsine pressure, but merely the III/V ratio [48,51]. 
As arsenic is present in excess and consequently converted only 
partially into GaAs, this is in contradiction with the hypothesis that 
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the excess is all needed to suppress the evaporation of arsenic. If the 
III/V ratio in the surface layer would be thermodynamically determined, 
it should be expected that a constant excess pressure of arsenic is 
needed for stoichiometric growth. Clearly kinetics plays a role, an 
excess arsenic is needed to obtain an arsenic rich surface layer, as 
this only leads to proper epitaxial growth. A gallium rich surface 
layer easily leads to the formation of a liquid-like metal layer and 
loss of the epitaxial feeling [52]. Thus it may be concluded that the 
electrical properties of an epilayer, which are optimal at a certain 
III/V ratio, are not only depending on the deviation from stoichiometry, 
but are certainly also related with Si, С and group II elements 
introduced by the growth sources [48,51]. So the transition from p- to 
η-type material does not reflect only a stoichiometric composition but 
also a balancing of unintentional dopants. 
The theoretically derived stoichiometric AS2-curve, as presented in 
fig. 7 (РдэрС дд-Азі), is in good agreement with current theory, which 
stresses the importance of Frenkel disorder on the arsenic sublattice. 
Though the accuracy is not very high, the slope has an error of 
approximately 10 kcal/mol, it is thought to give a good impression of 
the main point defect equilibrium. As the stoichiometric arsenic 
pressure is expected to cross the Аз-liquidus only very close near the 
melting point, a new value for the enthalpy would also imply a new one 
for the entropy. On the basis of LPE and MOCVD growth it can be 
concluded that the experimental pressure needed to obtain optimal 
morphology and electrical properties is far above the theoretical 
pressure. This is due to kinetic reasons, which can in principle be 
studied theoretically and to, unpredictable, unintentional doping. So 
in the subsequent analysis it should be remembered that, with respect to 
stoichiometry, a discrepancy between theory and experiment is likely to 
be found. 
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3.3. Stability of GaAs 
In order to study the tendency of gallium and arsenic to leave the 




 arid t h e
 gallium pressure related with the Ga- and As-liquidus; 
fig. 8. In this figure also the pressures related with the 
stoichiometric composition are indicated, as this shows what the total 
arsenic and gallium input, in e.g. a CVD reactor, should be 
theoretically, to maintain a perfect crystal. Thermodynamically it is 
most relevant to define the total arsenic pressure as: 
(5) 
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Fig. 8 Total arsenic, Е*Рдз . and gallium pressure In equilibrium 
with sol id GaAs along the binary liquidi and with 
stoichionetrlc GaAs аз a function of 1/T. 
liquidi - - - - stolehlometry 
At low temperatures the arsenic pressure above stoichiometric GaAs i s 
mainly bui l t up of As2, above 1300 К Азц takes over. For the 
Ga-liquidus As2 prevails unt i l close to the melting point, then the 
tota l arsenic pressure becomes so high that Азц also has to be 
considered and i t becomes the dominating species for the As-liquidus. 
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When a stoichiometric crystal is heated the gallium pressure, the 
crystal tries to built up, is lower than ЕхРдз (stoich) for all 
temperatures. So arsenic has a much stronger tendency to evaporate than 
gallium and the crystal will loose more As than Ga and arsenic vacancies 
will be formed. This results in a reduced tendency of arsenic to leave 
the crystal and an increased equilibrium pressure for gallium. Suppose 
that all the arsenic and gallium, which is released from the crystal, is 
removed from the gas phase instantaneously, then the evaporation flux 





 possible for GaAs to establish a steady-state 
situation with congruent sublimation, as equal pressures of gallium and 
arsenic are possible within the existence region. For higher 
temperatures the gallium liquidas is reached before the arsenic pressure 
is as low as the gallium pressure. Then the arsenic flux remains 
constant and larger than the gallium flux, so that the amount of liquid 
gallium is increased, until the GaAs has disappeared. 
In fig. 8 it can be seen that Т
СГ1(;
 =
 794 K. Compared with Thurmond 
[53], who calculated 933 ± 100 K, Arthur [35], who determined 910 K, and 
Foxon et al. [2], who reported 898 K, our value is remarkably low. This 
is due to the greater stability of AS2: the Asg-ourve crosses at lower 
temperatures the Ga-line. As discussed before, this is in better 
agreement with the latest opinion about the stability of Asg versus Азц. 
3.4. Stability of GaAs in N3 and H2 
Up to now GaAs was studied as a two-phase system, which for example 
is applicable to UHV experiments, or to annealing of a crystal in a 
sealed evacuated ampoule. To study the stability of GaAs in CVD 
systems, it is useful to introduce hydrogen or nitrogen in the 
calculations as this is commonly used as carrier gas. 
In an inert gas, with respect to GaAs, such as N2, a crystal will 
built up a gallium and an arsenic pressure Just as described in fig. 6 
and 8. The only consequence of the introduction of an extra element is, 
according to the Gibbs phase rule, that an extra degree of freedom is 
obtained. As CVD is usually performed at a constant pressure of 1 atm 
this parameter is fixed. The composition of the gas phase in 
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equilibrium with an evaporating GaAs crystal in a nitrogen atmosphere is 
the same as were the N2 absent, as long as the arsenic pressure 
(Рда- + PASÍI) ί η t h e P" T P l o t o f t h e phase diagram is lower than 1 atm. 
At temperatures where the arsenic pressure Is higher than 1 atm no 
equilibrium with solid GaAs can be achieved and the crystal will 
evaporate completely. ρ 
южан) 
— ι 1 1 1 1 1 1 1 — I 
Fig. 9a Gas phase composition of GaAs In equilibrium with a nitrogen atmosphere 
at 1 atm total pressure as a function of temperature. 
The presence of GaN has been discarded for kinetic reasons. 
Above 791 К liquid gallium i s present. 
In fig. 9a the gas phase composition of GaAs(s) in a N3 atmosphere i s 
depicted. In principle at low temperatures, u n t i l 920 K, GaN(s) will be 
formed. This reaction i s not considered to occur as nitrogen i s very 
inert in the form of N3. Congruent evaporation of GaAs i s possible up 
to 79Ί К, as already indicated in the P-T plot of the phase diagram. 
Comparison with f ig. 7 learns that at lower temperatures, the Asj 
pressure i s lower than for stoichiometric GaAs, so GaAs i s , in f ig. 9a, 
always gallium r ich . At higher temperatures the Ga-evaporation cannot 
179 
keep up with that of AS2 and consequently the excess is collected as 
droplets on the crystal surface. 
In hydrogen it must be taken into account that arsenic as well as 
gallium hydrides are significant at low temperatures. The existence of 
arsine is well known, as it is often used as the source of arsenic in 
epitaxial growth. It is less realized that hydrogen can react also with 
gallium. As already mentioned in the description of adsorption on GaAs, 
the bond strength is similar for AsH and GaH (see also [51)]). As the 
entropy of the gallium and arsenic hydrides is also expected to be 
comparable, the stability with respect to the monatomic elemental gas 
phase species will be similar. For stoichiometric GaAs the gallium 
pressure is, especially at low temperatures, considerably larger than 
pAs (fle· 10)· so the reactivity of hydrogen towards gallium is then 
larger than towards arsenic. 
In table 1 also the thermodynamic data for the hydrides are given. 
Up to now, Tirtowidjojo and Pollard are the only ones reporting on the 
Ga-As-H system [42]. Experimentally little is known about the Ga-As-H 
system, apart from ASH3, so the reliability of the available 
thermodynamic data is not well-established yet. Although confidence is 
put in the adopted data, two comnents should be made. It is thought 
that the formation enthalpy of GaH2 and ОаНз is chosen too high. The 
enthalpy content per Ga-H bond is constant for the three hydrides. It 
is more likely however, that the bond strength increases as more H is 
attached, in analogy with the arsenic and silicon hydrides (table 1 and 
[8]). The entropy of GaH2 is probably too high, on the other hand for 
ASH2 it is thought to be too low. As the molecular weight of Ga and As 
is nearly the same, the translational and rotational contribution of the 
entropy Is similar; comparable bond strengths and lengths will give 
almost equal vibration frequencies. Apart from the argument that the 
entropy Is expected to be comparable, it is more logical to have an S 0, 
which is increasing when more hydrogen is attached to Ga or As. So it 
is well possible that ASH2 and СаНз are more abundant in the gas phase 
than presented in the following, for GaH2 the enthalpy and entropy 
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Fig. 9b Gas phase composition of GaAs In equilibrium with a hydrogen atmosphere 
at 1 atm total pressure as a function of temperature. PQaAs h a 3 been 
omitted in th is graph. Above 997 К liquid gallium i s present. 
In fig. 9b the evaporation of GaAs in a hydrogen ambient i s 
presented. Compared with N3 i t i s most noticable that the crystal i s 
less gallium r ich, the temperature where the Ga-liquidus is reached is 
shifted 200 degrees upwards to 997 K. This is in agreement with the 
prediction that the comparable react iv i ty of hydrogen towards arsenic 
and gallium favours especially the l a t t e r . For gallium the profit is 
1 8 1 
largest as instead of the monatomic species, now GaH2 and ОаНз can try 
to maintain the sublimation congruently. For arsenic, the effect of 
hydrogen is less pronounced, as the difference in stability with Asg 
actually has to be considered. 
Comparison with fig. 7 shows that already at 700 К the sublimation 
results in a depletion of arsenic for GaAs crystals, since even at this 
low temperature the As2 pressure is lower than the stoichiometric value. 
At 700 К ОаНз and ASH3 are the major gallium and arsenic species, GaHj 
takes over at 750 K, with respect to gallium. As discussed, it could 
well be that ОаНз a o t u ally is more important, the effect however on the 
temperature where liquid gallium starts to be formed, will not be very 
significant. The pressure of ОаНз 1 3 t h e n already 1 decade lower than 
that of GaH2 and the temperature dependence of Рд 3 ?, which is then the 
dominating arsenic species, is rather strong. At still higher 
temperatures the influence of arsenic hydrides becomes negligible. GaH2 
remains the dominant gallium species until 1270 K, where the monatomic 
species takes over. However the gallium hydrides cannot influence P(j
a 
or Рдзр, they only lessen the amount of gallium, which will be left 
behind on the crystal surface, in an evaporation process. 
To prevent arsenic to leave GaAs, it is common practice to apply an 
arsenic pressure to the crystal. In fig. 10 the influence of 1ï ASH3 is 
shown, when the crystal is heated In a hydrogen atmosphere. A 
comparison of the calculated Ga (or As) pressure with the pressure in 
equilibrium with stoichiometric GaAs shows that up to 1200 К the arsine 
is able to suppress the formation of arsenic vacancies effectively, and 
fills more interstitial sites with arsenic. Below 672 К even the 
As-liquidus will be followed. It is indeed well-known that in M0CVD, 
despite the kinetic barriers in the arsine decomposition, an arsenic 
mirror is formed at the cold walls of the reactor tube. From 1200 to 
1336 К the evaporation of arsenic is too strong to counteract and [ д 3] 
is increasing fast with temperature. Above 1336 К liquid gallium is 
formed and the gas phase composition is Identical with fig. 9b. 
It can be deduced from fig. 10 that, with respect to the 
stoichiometry in the GaAs crystal, it does not matter whether 1Í ASH3 is 
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Fig. 10 Gas phase composition of СаАэ in equilibrium with 1Ï A3H3 in Hj 
a t 1 atm to t a l pressure as a Tunctlon of temperature. 
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 h a v e b e e n
 omitted in t h i s graph. 
Above 1336 К l iquid galllura i s present. 
The dashed l i n e s indicate the p a r t i a l pressure of As and Ga 
in equilibrium with s toichiometric GaAs. 
dominating arsenic species are A32 and Азі|, the arsenic hydrides being 
negligible, thus resul t ing in equal pressures of monatomic arsenic and 
gallium. So already from the P-T plot of the phase diagram (fig. 8), i t 
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could have been derived at which temperature the introduction of 1Í As 
would have been insufficient to prevent formation of liquid gallium. 
In fig. 10 also the unstable arsenic and gallium hydrides are 
presented. Though thermodynamically the stability of arsenic in the 
crystal is determined by the total arsenic pressure in the system, it 
could well be that in a dynamical CVD system, only sub-equilibria can be 
established. For such a system, it is concieved that perhaps not only 
monatomic gallium and arsenic determine the point defect equilibria in 
the solid, but all the adsorbed gallium and arsenic species. Then some 
hydrides, viz. GaH, GaH2, AsH and AsHj, become very important. Together 
with the monatomic species, they probably are bonded strongest, and 
determine the surface concentration [7]. In this case, this would 
result in the opinion that the suppression of the arsenic evaporation 
is, roughly, determined by the sum of the pressures of As, AsH and AsH2. 
Giving a difference in stoichiometry of GaAs in H2 and Ng. 
3.5. Reactivity of GaAs towards CI and 0 
So far the gas phase was relatively inert. The loss of material was 
primarily due to the tendency of the crystal to evaporate. However the 
sublimation mainly affects the arsenic sublattice. If HCl and H2O are 
Introduced in the gas phase, also the gallium is removed from the GaAs, 
but now in a chemical instead of physical way. Both etchants prefer 
reaction with gallium to removal of arsenic, thus counteracting the 
arsenic evaporation at intermediate temperatures. It will be shown that 
in H2 the reactivity, as well as the selectivity towards gallium is 
larger for HCl than for H2O. This is according to the expectation on 
the basis of electronegativities. 
With the use of the thermodynamic data as presented in table 3, the 
influence of 100 ppm water is studied; fig. 11. It can be seen that in 
the whole temperature region the gallium oxides are far more important 
than the arsenic oxides. At 700 К the difference in partial pressure is-
more than 4 decades, decreasing to a factor 400 at 1400 K. It appears 
that the stable gallium oxides are GaOH and Ga20, the latter especially 
at high temperatures. For arsenic the corresponding AsOH and AS2O have 
184 
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not been reported yet. The Ga-0 bond strength is 110 and 106 kcal/mol 
for the hydroxide respectively, the suboxide (table 3). This has to be 
compared with a diatomic bond strenght (DABS) for AsO of not less than 
140 kcal/mol. So at first sight the stability of the gallium oxides is 
remarkable, especially as the entropy loss in forming one bond with 
oxygen is for all three molecules equal: 26 cal/mol K. That PQaOH 1 S 
larger than PAso is due to great stability of OH compared with 0 and, to 
a lesser extent, to the higher pressure of Рс
а
 compared with that of 
monatomic arsenic. The stability of СагО is mainly caused by the 
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formation of two Ga-0 bonds per, hardly present, O-atom. As expected, 
the partial pressure of the monoxide of gallium is negligible compared 
with Рдзо- However it is well possible that the actual stability of GaO 
is larger than presented here, as there are no obvious reasons why the 
diatomic bondstrength is only 58 kcal/mol (table 3), only half of the 
value for GaOH or G^O. The partial pressure of AsO on the other hand 
could be too high, as a lower DABS of 115 kcal/mol has been reported 
[11,5Ί]. As can be seen in fig. 11 higher oxides such аз АЗ2О3, AS2O5, 
AS2O5 or GaAsOij are absent at a low water input. Only at high oxygen 
and arsenic pressures (and low temperatures) they are present in 
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Fig. 11 Gas phase composition of GaAs In equilibrium with 100 ppm H2O In H2 at 
1 atm total pressure as a function of temperature. Only the relevant 
pressures are Indicated as well as the gallium and arsenic oxides. 
Below 785 К solid GajC^ Is formed; above 1150 К liquid gallium is present. 
The dashed lines Indicate the partial pressure of As and Ga In equilibrium 
with stoichiometric GaAs. 
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At low temperatures the water input is so high that solid 03203 is 
formed. This is in analogy with Si, where oxide formation presents a 
serious problem in growth and etching [61]. However in comparison with 
the silicon system the conversion of H2O is low, so the gaseous oxide, 
GaOH, is far less abundant than SiO. Likewise the solid oxide 13 far 
less stable. In case of 0.1 ppm H2O, which is representative for growth 
systems, it has already disappeared at 592 K, to compare with 1138 К for 
silicon systems. As typical growth temperatures are 1000 К for GaAs 
with MOCVD [30,51] and 130O К for Si from ЗІНц [65], it is obvious that 
proper crystal growth is more affected by oxygen in the latter system. 
It should be noticed that for GaAs growth in the absence of hydrogen, 
like in MBE systems, the presence of oxygen is far more notorious [66]. 
Then oxygen is all divided over the solid and gaseous gallium oxides, 
instead of being in the form of relatively inert water. 
In general the amount of arsenic and gallium released into the gas 
phase, mainly in the form of ASH3 and АЗ2, respectively GaOH, ОазО and 
Ga, is strongly increasing with temperature. For GaAs the tendency of 
arsenic to evaporate is more enhanced at higher temperatures than the 
etching of gallium, so the crystal has to become arsenic poorer with 
increasing temperatures to prevent, as far as possible, incongruent loss 
of Ga- and As-species. The rate of gallium enrichment, which affects 
the reactivity (and selectivity) of the etchant, can be inferred from a 
comparison of the increase of Ро
а
 relative to the rise of PQ
a
(stoich.). 
It can be seen in fig. 11 that first the arsenic content in the gas 
phase decreases with temperature. This is related to the amount of 
GajOjCs) which becomes less and can be compensated only partially by an 
enhanced formation of gaseous gallium species. Although this is 
accompanied by an increasing gallium content of GaAs, the crystal 
remains arsenic rich. At 785 K, where the last solid СагОз has just 
disappeared, the arsenic pressure starts to rise abruptly, as then the 
gallium loss no longer decreases. This slows down the rate of the 
arsenic depletion. Thus it is only at 900 К that a stoichiometric 
composition is attained for a congruently etched GaAs crystal. Up to 
1150 К the arsenic evaporation can be suppressed and the gallium 
oxidation promoted by increasing [ д 3 ] . Then the limit of the existence 
187 
region is reached and liquid gallium is formed. The slope of the 
arsenic related pressures rises again, as there is no mechanism anymore 
to counteract the evaporation. 
Table ι 
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[ 6 7 . 2 8 ] 
[ 6 7 . 2 8 ] 
[ 6 7 , 2 8 ] 
[ 6 7 ] 
[ 6 7 ] 
[ 6 7 ] 
[ 3 9 ] 
[ 3 9 ] 
[ 1 1 , 3 7 ] 
[ 1 1 . 3 7 ] 
[ 6 8 ] 
[ 6 3 ] 
[ 6 3 ] 
All species gaseous unless designated, (1): liquid 
The Ga-As-H-Cl system is well studied [26-28], as chlorides are well 
suited to transport gallium from a hot to a cooler zone. The 
thermodynamic data for the gallium chlorides are recently reviewed and 
extended with digallium chlorides - comparable with the well-known 
aluminium dimeric species - by Chatillon and Bernard [67]. Especially 
the values for GaCl and GaClj, as presented in table 4, are r e l i a b l e , as 
they are the most stable compounds at high respectively low 
temperatures. The accuracy of the data for the arsenic chlorides i s 
obviously low: they are quite unstable. Only AsClj i s well-known at low 
temperatures, as the l iquid i s used as a source of As and CI in epitaxy. 
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The low partial pressures of the arsenic chlorides (fig. 12) are caused 
by the smaller bond strength of As-Cl, 73 kcal/mol, compared to 
-82 kcal/mol for Ga-Cl of GaCl2 and СаСІз· The monochloride of gallium 
is particularly stable (111 kcal/mol), as it contains a triple bond, 
analogous with BF or N2· The stability of AsCl can be subject to 
discussion. The bond strength used in this paper, 73 kcal/mol, could be 
too low, as a more stable, double, bond is formed compared with the di-
and trichloride. This is compensated by the entropy, which is most 
probably too low, as a value similar to that for OaCl is expected. The 
value of 107 kcal/mol reported for the DABS [54], is thought to be far 
Logfafe 
eoo 1000 1200 WOO TOO 
Fig. 12 Gas phase composition of CaAs In equilibrium with 0.1* HCl In H2 at 
1 atm total pressure as a function of temperature. Only the relevant 
pressures are Indicated as well as the gallium and arsenic chlorides. 
Above ігъ К liquid gallium Is present. 
The dashed lines Indicate the partial pressure of As and Ga 
In equilibrium with stoichiometric GaAs. 
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In flg. 12 the etching of GaAs with 0.1Í HCl in Hg is represented. 
At low temperatures only little HCl is converted into GaCl, however 
already at 930 К half of the hydrogen chloride has reacted, whereas at 
high temperatures gallium chloride is by far the major chloride species. 
This is illustrating the greater reactivity, in H2. of HCl compared with 
H2O, as the latter is just half converted at 1290 K. The selectivity to 
gallium is also larger; PQaCl 1 3 8 decades higher than Рдзсі at 700 К 
and still 5 decades at 1100 K. Thus the temperature where liquid 
gallium is segregated is only reached at 1256 K. Then the release of 
arsenic species into the gas phase is facilitated. As the rise of Pc
a 
with temperature then slows down and Рцасі remains at its maximum value 
-3 
of 10 atm, the decrease of Рнсі 1 з stopped. Therefore the gallium 
species, with more than one CI bonded per Ga, are then relatively more 
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A comparison of the temperature, where the formation of liquid 
gallium starts, learns that the effectivity to maintain congruent loss 
of gallium and arsenic species in the gas phase, is increasing in the 
order N 2 < H 2 « H2O in H 2 < HCl in Hg = ASH3 in H2. This efficiency 13 
a combination of reactivity and selectivity towards gallium. If Τ^κ; 
for an etchant is lower than 791 K, the value for an inert carrier gas, 
it reacts preferably with arsenic. Arsine is preventing most 
effectively liquid gallium formation. The introduced AsHj is a complete 
substitute for the arsenic which would otherwise evaporate. HCl and H2O 
are the counterparts of arsine, as they allow congruent evaporation by 
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merely compensating, instead of only preventing, evaporation of arsenic, 
in the form of gallium chlorides and oxides. I t can be seen that 
reac t iv i ty and se lec t iv i ty of HCl i s maximal, as only formation of GaCl 
i s r e a l i s t i c in th is temperature region. Though H2O i s only converted 
itOÏ, i t i s s t i l l quite effective to prevent gallium segregation, as i t 
i s very se lec t ive . Hj i s , though i t reacts with gallium and arsenic, 
not real ly an etchant, on the other hand also not as inert as N2. 
Ί . Conclusion 
Three aspects re lated with high-temperature processes, in part icular 
gas phase etching and decomposition, are studied for GaAs. 
The s t ructure of the bare surface points to the fact that not only 
(111), but also (100) and perhaps (110), are F-faces, showing growth and 
etching via s teps, if reconstruction and relaxat ion is taken into 
account. I t i s shown that for (100) the Ga-di men zat ion i s unstable 
compared with the arsenic reconstruction. This r e s u l t s for the As 
s tab i l ized s t ructures in a connected net of strong bonds, making i t 
indeed favourable to etch via steps. In etching (100) 13 not very eager 
to re lease As, and the top layer t r i e s to remain arsenic r i c h . The 
s t a b i l i t y of the As-As dimers has also consequences for the steps on 
(111)Ga. They will be very s table in comparison with the steps on 
( l l l )As , where the gallium dimerization i s unlikely. So on (111)Ga 
pronounced steps will be present, whereas t h i s i s less probably on 
(111)As. On (110) the etching i s f a s t e s t in the [1Ï0] direct ion, though 
i t i s possible that a s t ab i l i za t ion in [001 ] i s present. Then the 
influence of steps will be noticable. 
Theoretically the existence region i s extended to the As-rich side if 
Frenkel disorder on the arsenic sub la t t i ce ( дд-As!) is assumed to be 
the dominant point defect equilibrium. The arsenic pressure which 
should be applied to obtain a stoichiometric crystal I s low compared 
with the experimentally derived values. So kinet ic barr iers in the 
arsenic incorporation are l ikely to be present. 
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A thermodynamical s tudy of the gas phase composit ion i n t h e Ga-As 
system l e a r n s t h a t a r s e n i c i s most eager t o e v a p o r a t e , l e a d i n g t o 
ga l l ium d r o p l e t s a t a l r e a d y low t e m p e r a t u r e s . Adding hydrogen i n t h e 
system s h i f t s t h e o c c u r e n c e of d r o p l e t s with 200 degrees as H forms 
compounds with g a l l i u m . In c h l o r i n e and oxygen c o n t a i n i n g sys tems, t h e 
most i m p o r t a n t c h l o r i d e s and oxydes a r e GaCl, r e s p e c t i v e l y GaOH and 
Ga20. These e lements mainly r e a c t with ga l l ium and wi th r e s p e c t t o 
s t o i c h i o m e t r y , compensating f o r the a r s e n i c l o s s due t o e v a p o r a t i o n . Of 
the two elements c h l o r i n e i s most r e a c t i v e and s e l e c t i v e towards ga l l ium 
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In this thesis three subjects relevant for CVD of semiconductor crystals 
are discussed: 
1. Adsorption on crystal surfaces 
2. Near equilibrium growth 
3. Trapping of dopants 
In the first part of this thesis a better understanding is attained 
of the crystal growth processes taking place on a semiconductor surface. 
The notion that growth units adsorb on the surface and diffuse to steps 
is given a theoretical basis. Up to now, no conclusive model is 
presented explaining step growth on a Sl(100) surface. In this study a 
consistent view is given on Si(100), based on the intrinsic properties 
of the surface and on adsorption of growth units and impurities on that 
surface. 
In chapter 2 an adsorption model is presented, based on Langmuir 
chemisorption, for the attachment, of all gas phase species present in 
the Si-Η system, on a Si(111) surface. It is outlined how to calculate 
the adsorption energy in terms of enthalpy and entropy. Together with 
the partial pressures in the gas phase this allows calculation of the 
surface coverage. It is discussed that in particular the strong 
dependence of the surface coverage on the bond strength is a problem in 
the adsorption calculations. An inaccaracy of only 10Ï can drastically 
change the picture, one obtains of the surface coverage. This is 
illustrated on the basis of the coverage with hydrogen (H). Dependent 
on the choice of the bond strength the surface can be fully covered or 
merely bare at high temperatures. Taken into account the experimental 
observation of step growth, it can be concluded that at low temperatures 
the surface is fully covered with H, whereas at elevated ones the 
surface is essentially bare. A comparison with the transition between 
poly- and monocrystalline growth, as a function of total H2 pressure, 
confirms this view and demonstrates the benefit of working under reduced 
pressures. 
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It is shown that only the formation of chemical bonds leads to 
appreciable surface coverages. The important consequence is that ЗІНц 
can not be regarded as a growth unit which Incorporates at the step. It 
will either decompose on the surface or in the gas phase to SiHj, what 
is shown to be the dominant adsorbed growth species. Thus radicals 
should be considered more in gas phase calculations 
In chapter 3 the adsorption model is applied to the Si(IOO) surface 
to describe the growth from sllane. It is demonstrated that starting 
from a reconstructed surface the coverage with growth units is not 
significantly higher than on Si(111). Though silicon species have the 
possibility to form two bonds, the stability of the surface is increased 
so much by the dimerization that the tendency to adsorb is only low. 
This points to the fact that one should be very careful not to 
overestimate the coverage of semiconductor surfaces, as they all are 
stabilized, either by forming new bonds (reconstruction) or 
rearrangements (relaxation). In all these cases where the adsorption 
process removes this stabilization, the adsorbing species must raise 
this energy. 
For a reconstructed surface, the adsorption model must take into 
account the structure of the surface and the way the species adsorb. 
For a Si(100) surface it is assumed that no dimer bond can be present 
adjacent to a double-bonded adsórbate. This model directly explains 
step growth. It tells that silicon must always break dimer bonds upon 
adsorption, whereas in case of hydrogen attachment the reconstruction 
can be maintained. It also gives the clue to a model where simultaneous 
attachment of two single-bonded adsorbates lead to step growth. So 
dimerization of a (100) surface leads to a low surface coverage at high 
temperatures and to a mechanism which makes it favourable to attach 
adjacent to a step. 
Chapters 4 and 5 illustrate very nicely the use of thermodynamics in 
calculating the gas phase composition. A method is devised which makes 
it possible to grow epitaxial silicon layers in a furnace with a 
constant growth rate. To overcome the depletion, which is in a furnace 
enhanced by the depostion on the hot walls, a system is used where the 
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supersaturation remains low. To obtain a constant supply of silicon, 
the total silicon content introduced is high. The low superaaturation 
is then achieved by an accurate balancing of reactions which deposit 
silicon and other which etch it. By favouring the silicon forming 
reactions as the gas proceeds In the reactor, a constant supply of 
silicon can be obtained. Two systems are studied, one containing CI the 
other I. For the first it is demonstrated that indeed the 
thermodynamical predictions come out and a constant growth rate could be 
achieved. It is demonstrated that the iodine system has advantages when 
working under reduced pressures, аз the solubility of silicon then 
decreases with temperature. 
In chapter 6 the incorporation of sulfur in GaAs is studied. The 
experiments, available in literature, could well be explained by 
assuming that for too high growth rates, the dopants are buried: 
subsurface trapping. Then the equilibrium incorporation breaks down and 
an excess will be built in. This is shown to be a general phenomenon 
for III-V compounds as the diffusion is rather slow. The trapping leads 
to an orientation dependence; it is indicated that the incorporation of 
dopants is decreased by reconstruction and relaxation of the 
semiconductor surface. 
In chapter 7 a theoretical basis is given for high-temperature 
processes of GaAs, in particular etching and thermal decomposition. A 
study of the surface structure of GaAs learns that (111)A, (111)B, but 
also (100) and (110) are F-faces, with growth and etching via steps. 
The formation of As-Аз dimers gives a great stabilization of the (100) 
surface and of the {100} type steps on (111)Ga. It is unlikely that 
gallium is able to show reconstruction due to its low electron density. 
Therefore (100) will try to be arsenic-rich. The {100} type steps on 
(111)As are unstable, as no Ga-Ga-atabilization occurs. A study of the 
relation between stoichiometry and gas phase composition gives a whole 
new idea about the existence region of GaAs. It leads also to the idea 
that the III/V ratio in the bulk is in growth experiments determined by 
kinetics. Thermodynamical calculations on the Ga-As-H and Ga-As-H-Cl 
and Ga-As-H-0 systems conclude this thesis and give on good idea on the 
reactivity of gallium versus arsenic in different etching environments. 
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SAMENVATTING 
In dit proefschrift zijn drie onderwerpen bestudeerd die van belang zijn 
voor CVD van halfgeleider kristallen: 
1. Adsorptie aan kristaloppervlakken 
2. Groei bij bijna-evenwicht 
3. Het begraven van dotering 
In het eerste deel van dit proefschrift wordt tot een beter begrip 
gekomen van de kristalgroei-processen die zich afspelen op het oppervlak 
van een halfgeleider. Aan de opvatting dat groeideeltjes adsorberen op 
het oppervlak en naar de stappen diffunderen wordt een theoretisch 
fundament gegeven. Tot nu toe, is er nog geen sluitend model 
gepresenteerd dat stappengroel op een Si(100) oppervlak kan verklaren. 
In dit boekje wordt een konsistente kijk op Si(IOO) gegeven dat 
gebaseerd is op de intrinsieke eigenschappen van het oppervlak en de 
adsorptie van groei-eenheden en verontreinigingen op dat oppervlak. 
In hoofdstuk 2 wordt een adsorptiemodel gegeven, gebaseerd op 
Langmuir chemlsorptie, voor het hechten van alle in het Si-H systeem 
aanwezige deeltjes, op een 31(111) oppervlak. Een methode wordt 
gepresenteerd waarmee de adsorptie-energie wordt uitgerekend uitgaande 
van de enthalpie en entropie. Samen met de partiele drukken in de 
gasfase maakt dit het mogelijk om de bedekkingsgraad uit te rekenen. Er 
wordt aangegeven dat met name het feit dat de bedekking sterk afhangt 
van de blndingssterkte een probleem Is in adsorptie-berekeningen. Een 
onnauwkeurigheid van slechts 10$ kan het beeld dat men heeft van de 
bedekking drastisch veranderen. Dit is geïllustreerd aan de hand van de 
waterstof-bedekking. Afhankelijk van de keuze van de blndingssterkte is 
het oppervlak volledig bedekt of vrij leeg bij hoge temperatuur. Met 
meename van de experimenteel waargenomen stappengroel, kan gekonkludeerd 
worden dat bij lage temperaturen het oppervlak volledig bedekt is met H, 
terwijl het bij hoge in principe leeg is. Een vergelijking met de 
overgang tussen poly- en éénkrlstallijne groei, als funktie van de 
totale H2-druk, bevestigt deze kijk en geeft tevens het voordeel aan van 
het werken bij lage druk. 
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Het wordt aangetoond dat alleen vorming van, sterke, chemische 
bindingen kan lelden tot merkbare oppervlakte-bedekkingen. Het 
belangrijke gevolg hiervan is dat SiHij niet kan worden beschouwd als een 
groeideeltje dat aan de stap inbouwt. Het ontleedt of op het oppervlak 
of in de gasfase tot SiHj, dat het belangrijkste geadsorbeerde 
groeideeltje blijkt te zijn. Bijgevolg moeten radikalen zeker niet 
worden vergeten in gasfase berekeningen. 
In hoofdstuk 3 wordt het adsorptiemodel toegepast op een Si(100) 
oppervlak om de groei met silaan te beschrijven. Het wordt aangetoond 
dat uitgaande van een gerekonstrueerd oppervlak, de bedekking met 
groeideeltjes niet wezenlijk hoger is dan op Si(111). De stabiliteit 
van het oppervlak is zoveel vergroot door de dimerisatie dat, ofschoon 
silicium deeltjes in principe twee bindingen kunnen vormen, de nelging 
om te adsorberen klein is geworden. Dit geeft aan dat men op moet 
passen om de bedekking van halfgeleider oppervlakken niet te hoog in te 
schatten. Ze zijn namelijk gestabiliseerd door het vormen van nieuwe 
bindingen (rekonstruktie) of door relaxatie. In al die gevallen dat 
adsorptie deze stabilisatie verwijdert, moeten de adsorberende deeltjes 
deze opbrengen. 
Voor een gerekonstrueerd oppervlak moet het adsorptiemodel rekening 
houden met de struktuur van het oppervlak en de wijze waarop de deeltjes 
adsorberen. Voor een Si(100) oppervlak wordt aangenomen dat geen dimeer 
binding aanwezig kan zijn naast een dubbel gebonden adsorbaat. Dit 
model verklaart meteen de stappengroei. Het geeft aan dat silicium 
altijd een binding moet verbreken om te adsorberen, terwijl In geval van 
H-adsorptie de rekonstruktie gehandhaafd kan blijven. Het geeft ook de 
direkte aanzet tot een model waar simultane aanhechting van twee 
enkelgebonden adsorbaten tot stappengroei leidt. Zodoende leidt 
dimerisatie van een (100) oppervlak tot een lage oppervlakte-bedekking 
bij hoge temperaturen en tot een mechanisme dat het aanhechten aan een 
stap bevoordeelt boven willekeurige aangroei. 
De hoofdstukken 4 en 5 zijn een mooie illustratie van het gebruik van 
thermodynamlka om gasfase samenstellingen te berekenen. Er is een 
methode bedacht om epitaxiale silicium lagen in een oven te groeien bij 
een konstante groeisnelheid. Om depletie te voorkomen, die in een oven 
versterkt wordt door depositie op de hete wanden, is er bij lage 
oververzadiging gewerkt. Om een konstante aanvoer van silicium te 
krijgen, is de totale input van silicium groot. De lage oververzadiging 
wordt dan bereikt door een zorgvuldig manipuleren met elkaar 
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tegenwerkende reakties, ni. enkele die silicium vormen en andere die het 
wegnemen. Door de siliclumvormende belangrijker te laten worden 
naarmate het gas verder in de reaktor komt, kan een konstante aanvoer 
van silicium bereikt worden. Er zijn chloor- en jodium-houdende 
systemen bekeken. Voor het eerste systeem is aangetoond dat de 
thermodynamische voorspellingen inderdaad prachtig uitkomen en een 
konstante groeisnelheid kon bereikt worden. Het jodium system heeft 
voordelen bij gereduceerde druk, aangezien de oplosbaarheid van silicium 
hier daalt met de temperatuur. 
In hoofdstuk 6 is de inbouw van zwavel bestudeerd. De in de 
literatuur beschikbare experimenten konden goed verklaard worden door 
aan te nemen dat voor te hoge groelsnelheden, de doterings-elementen 
begraven worden. Dan wordt het inbouw-evenwicht verbroken en een 
overmaat ingebouwd. Dit is een algemeen verschijnsel voor III-V 
verbindingen, aangzien diffusie daarin langzaam is. Het begraven leidt 
tot een orientatie-afhankelijkheld. De inbouw van dotering wordt 
verminderd door relaxatie en reconstruktie van het halfgeleider 
oppervlak. 
In hoofdstuk 7 wordt een theoretisch fundament gelegd voor hoge 
temperatuur processen van CaAs, in het bijzonder etsen en thermische 
ontleding. Een studie van de oppervlakte-struktuur van GaAs geeft aan 
dat (111 )A, (111)B, maar ook (100) en (110) F-vlakken zijn, waar groeien 
en etsen plaatsvinden via stappen. De vorming van As-As dimeren geeft 
een aanzienlijke stabilisatie van het (100) oppervlak en van (100)-
achtige stappen op (111)Ga. Het is onwaarschijnlijk dat gallium ook 
rekonstruktie te zien geeft, t.g.v. zijn lage elektronendichtheid. 
Dientengevolge zal (100) arseen-rijk proberen te zijn. De [lOOJ-achtige 
stappen zijn instabiel t.g.v. het ontbreken van Ga-Ga-stabllisatie. Een 
studie naar de relatie tussen stoichiometrie en samenstelling van de 
gasfase geeft een heel andere kijk op het bestaansgebied van GaAs. Het 
leidt ook tot de konklusie dat de III/V verhouding in het kristal bij 
groei-expenmenten wordt bepaald door kinetiek. Evenwichtsberekemngen 
aan Ga-As-H, Ga-As-H-Cl en Ga-As-H-0 systemen besluiten dit proefschrift 
en geven een goed beeld van de reaktiviteit van gallium t.o.ν. arseen 
in verschillende ets-omgevingen. 
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